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PREFACE

This Interim Report on the NASA Accelerated Testing of Space Cells

is the sun_ation of almost a decade of planning and work. Accelerated

test requirements were first outlined in, "The Study of Space Battery

Accelerated Testing Techniques", by Battel|e Memorial Institute in
September, 1969. (Reference 35). The basis and theory for the

Accelerated Test were further discussed in, "Accelerated Testing of

Space Batteries", in 1973, NASA SP-323. (Reference 23).

A working group consisting of representatives from NASA Headquarters,

NASA Goddard, Wright Patterson Air Force Base and the Naval Weapons

Support Center determined the test matrix, stress factors and stress

levels used in the final test design. Other initial contributors to

the program were Cryptanalytic Computer Sciences, Incorporated, Battelle

Memorial Institute, and _N1eral E1ectrlc Cml_Imy.

The results of the working group's effort are presented in Goddard
Space Flight Center Report X-761-73-183, "Accelerated Test Plan for
Nickel Cadmium Spacecraft Batteries". (Reference 7). Five stress

factors ware selected to evaluate accelerated testing. They were:
l) Depth of discharge, 2) Temperature, 3) Discharge rate, 4) Charge

rate, 5) Overcharge. In addition to the stress factors, three

cell design variables were evaluated: I) Precharge, Z) Quantity

of electrolyte, 3) Concentration of electrolyte.

When electrical test and failure data became available in 1976, a

working group under t.h__direction of NASA Goddarcl began the task of

evaluating the test results. This group consisted of representatives

from NASA Lewis NASA JPL, Wright F'atterson Air Force Base and Naval

Ueapons Support Center. In January, 1978, program management was
transferred from NASA Goddard to NASA OPL.

As of the writing of this report, ali but six packs of 95 packs

have completed test. Four of these packs are on "normal" test conditions,

i.e., 0° and 20° C at 20% and 40% depth of discharge, 90 minute cycle,

and some of _hese packs could cycle for an additional 8 years. Rather

than wait un, _ these last few packs fail, it was decided that an Interim

Report should _ published nnw to get the data summaries and the initial

data analysis into public do, in. Although the present report contains
conslderable data on failure analysis, little effort has been expended

thus far in analyzing it. Considerable effort during the past year was

made in computerizing the data files and assuring the data were correct.

Additional effort was made in debugging computer programs and analyzing

cycle life data for predictive techniques.
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and physical analysis.

Those people who have contributed to the performance of the program
over the decade are as follows:
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(OAST)

NASA Goddard
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L. Holcum
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L. Goodman
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H. Brown, R. Chipman, D. )_ins, NAVWPNSUPPCEN,

S. Bogner, Dr. D. Schwartz, NASA JPL.
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SECTIONI

INTRODUCTION

This Interim Report summarizes the results of the Accelerated
Test Program for sealed nickel-cadmium spacecraft cells defined in
NASA/GSFCReport X-761-73-183 (Reference 7). Testing was implemented
in June 1974 and is approximately 90_ complete.

The objectives of the Program were to develop l) a tool for space-
craft projects and other battery users to determine the life capability
of sealed, nickel-cadmium cells, 2) a methed of evaluating the effect

of design and component changes in cells and 3) a means of reducing

the time and cost of cell testing. (Reference 7). These objectives

as stated need further clarification. Objective I, was to determine if

"good" and "bad" cells could be differentiated under accelerated test

conditions by testing only I% to 5% of their cycle life. This would

provide a screening test for selecting and matching the best cells of

a lot for flight batteries.

Objective 2, was to determine if an accelerated test _ethod could

be developed to rapidly evaluate cell component design modifications by
testing to failure using accelerated conditions rather than using real
time test conditions.

Objective 3, is a natural fallout from I and 2 because the time

to test will be shorter if cells can be tested at accelerated conditions

and if the time on test is reduced, the cost of the test should be less.
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It was recognized in the original plan that a useable accelerated

test would depend on the fact that a smaller and simplier test program

would evolve that would require significantly fewer cells. Therefore

it is pointed out that the present accelerated test was not intended as

a final accelerated test, blJt would provide the data base to model a
small, practical accelerated test.

It was also recognized that an accelerated test must induce cell

failure by the same degradation mechanisms as encountered in normal

use. Since this could not be controlled, sample cells were chemically
and physically analyzed frc_ each group to determine the failure

mechanism and relate this to true life. At present, analysis of the

failure mechanisms have not been completed. The packs cycling under

normal conditions have not failed, consequently, no failure analysis

data is available for comparison with accelerated conditions. ,The

program called for chemical and physical analysis on cells removed

before failure, cells stored at various temperatures, uncycled cells

and on all failed cells. The number of cells for analysis had to be

reduced during the course of the program because the time required to

complete the test would exceed the anticipated program completion date

and the cost would exceed available funding. The cells have been stored

and may be analyzed in the future, if desired.

I-l
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f
A. \ T_T PLAN AND CYCLE RESULTS

This accelerated test was designed statistically using eight

factors (five environ,_ental and three physical previously identified

as important to the battery performance) a_ five levels of stress for
each factor. Using these parameters, a full factorial design o_ 58

would require 390,625 test "points." To keep the number of test points

required to _.minimum while obtaining the desired information on the

eight factors and five levels of each factor, a composite design con-

cept was used. This design consists of three statistical elements

identified by the terms, fractional factorial, star points and center

point. Table II-I summarizes the eight factors and associated levels

in the accelerated test program. The fractional factorial (3/4 of
28 fractional ) evaluates the eight test parameters at a high and low

level (levels 2 and 4 of Table II-l) to determine which main effects

and two-way interactions that kave a significant effect on cell life.
The star points of the design take each extreme level (levels I and
5 _f Table IV-1 ) of each factor in combination with the center level
(level 3 of Table IV-l) of the remaining seven factors. The center point
of the design is determined by the eight factors of the_enter level
(level 3 of Table IV-l). This part of the composite design gives a
method of evaluating the non-linear effect of the factors without a
sizeable increase in the number of packs required. The fractional
factorial required 64 samples; the star points required 16 samples;
and the center point required one sample, A second sample was tested
at the center point levels. This sample was to be used to estimate
the pack-to-pack variation in the test. In addition 4 samples were
put on test at "normal" test condition to evaluate the actual perfor-
mance under normal conditions.

Samples (packs) used herein consisted of five cells in series

with each cell mounted between one-quarter inch thick metal retainer

plates for heat transfer and separated from its neighboring cell by a

l-inch air space. The ceils designated as positions I and 2 of the

fractional factorial and positions 1, 2 and 3 of the star points,

center points and normal points were equipped with a pressure transducer•

The star points, center point and normal point packs contain eight cells
as the additional three cells were to be removed from test for chemical

and physical analysis at one-fourth, one-half, and three-fourths of

expected cycle life. A total of 87 packs were put on cycle test.

A third center point pack was put on test because one of the packs

failed prematurely due to equipment malfunction.

II-l
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TABLE 11 - I TEST Re_TRIX PACK SUMI_RY - TEST FACTORS AND LEVEL

ENVIRONMENTAL FACTORS

1. Temperature °C (T)

2. Depth of Discharge %(DOD)

3. Charge Rate (CR)

4. Discharge Rate (DR)

5. Percent Recharged (%RC)

DESIGN FACTORS

1

LOW

STAR

POINT

!

20

20

C/4

C12

110

6.

7.

B.

Concentration of Electrolyte

(%KOH ) 22

Amount of Electrolyte (CC) 17.5

Ampere-Hours of Precharge (AH) 2.20

LEV

2

LOW

FACTO-

RIAL

30

40

C/2
C

140

26

18.5
2.50

_LS
3

CENTER

POINT

40

60

C

2C

140

30
19.5

2.80

4 5

HIGH HIGH

FACTO- STAR

RIAL POINT

50 60

80 lO0

2C 4C
4C 8C

200 200

34 38

20.5 21.5

3.00 i 3.30

(I) Each star point pack was tested at either the very high or very

low level of a designated test parwne_r. The levels of the other
test parameters were held at the center level. For example, the
star point pack tested at 20 ° C was tested with the levels of
DOD = 60%, CR = C, DR = 2C, Recharge = 140%, %KOH = 30%, Quan-

tity KOH = 19.5cc, and Precharge = 2.BAh, which are the center
point levels.

(2) The two center point packs were tested at the center levels of
the test parameters as listed in the Table.

(3) The 64 factorial points were tested at combinations of the low

and high levels of each test parameter. This is further illus-
trated in Figure IV-I.

The eight factors used for this program were: I) temperature,

'2) depth of discharge, 3) charge rate, 4) discharge rate, 5) percent

recharged, 6) concentration of electrolyte, 7) amount of electrolyte

and 8) ampere-hours of precharge. It is noted that the last three

factors are cell design variables. The factors were used to evaluate

the effects of cell design on the performance.

The test samples were nominal six ampere hour sealed nickel cadmium

cells manufactured by the General Electric Company from three lots of plate

material between June, 1973 and June, 1975. The cells were manufactured

to GSFC specification except as modified to include the three design
variations as listed in Table II-I. The cells contained non-tefIonated

negative electrodes and were not silver treated. The decarbonization

process was not used on these cells. The positive electrode contained

1.38 grams of cadmium hydrate pe_r plate.

The cells were subjected to the manufacturers electric tests

per GE specification P24A-P8-150. After receipt at NWSC, the cells

were inspected, assen_led into packs and subjected to the baseline

tests detailed in Appendix A.

II-2
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A cell was considered to have failed when the discharge voltage
dropped to 0.0 volts before the end of the discharge period, o_ when the
pressure reached 250 psia on cells containing pressure transducers. It
was initially planned to remove all cells from t_st when the last cell
in the pack containing a pressure transducer reached 250 psia. During
the course of the program, the plan was modified to record the cycle
when a cell reached 250 psia, and continued to cycle the cell until it
failed by low voltage or shorted.

In addition to the electrical test matrix described above, cells
were also procured for supplementary tests that would be correlatable
with the composite design and benefit the over_l prog_a_. These tests
were chemical and physical analysis of l) virgin (uncycled) cells;
2) cell removed from test at one-fourth, one-half, and three-fourths
life; 3) cells stored in a controlled temperature environment; 4) all
failed cells. A total of 546 cells were purchased for the program.

The packs were life cycled utilizing the automatic data acqui-

sition and control system described in Appendix B. The system re-

corded data on every cycle at 36 second intervals on each pack during
the early part of life (first 500 cycles); thereafter, only the be-

ginning and end points of each charge and discharge cycle were recorded

for the remainder of life. In December, Ig77, the data recording was

changed to record three full cycles at 50 cycle intervals on fractional

factorial packs and at lO0 cycle intervals on normal condition

packs. Cycling tests began with the star points, center point and

normal point packs in September 1974. The fractional factorial packs

were added from December 1974 to January 1977. As with any large test

program, equipment failures, system malfunctions and human errors

occurred causing test anomalies which in so_m cases induced ceil

failures. A summary of pack test anomalies is given in Appendix C.

As of January, 1979, 81 of 87 packs have completed life cycling

tests. One fractional factorial point (Pack 5N) and one center
point (P_ck 96N) are still cycling with three and two failures

respectively. All 4 normal test conditions )Packs 83N, 84N, 85N,

and 86N) are still cycling with one f]ilure each in packs 83N and

86N. Post cycling tests were completed on all packs that have com-

pleted life cycling. Two packs, 93N and 94N, containing three and two

cells respectively, remain stored in the controlled temperature
environments of 0° C and 20° C. These cells will be removed from the

environment and chemically analyzed for comparison with cells in packs

85N and 84N respectively. The cycle test results to 0°0 V failure
are sunm_rized in Table II-2.

11-3
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The "Composite Design" test matrix was a statistically designed

experiment to obtain balanced data on all of the eight test parameters

so that standard statistical techniques could be applied in analyzing
the data. The basic plan was: perfom analysis of variance (ANOVA)

to determine the significant test parameters and interactions; using

ANOVA results perfom linear regression with the significant factors

as independent variables; analyze equations obtained from the regression;

identify possible individual cell characteristics and apply regression

techniques.

B. ANALYSIS OF VARIANCE (ANOVA)

m

i

)

Analysis of variance is a statistical procedure used to test the

results of a properly designed experiment to determine if the differ-

ences observed in the results are due to the effects of test para-

meters or to random variation of the test samples. In this analysis

main effects and two-way interactions were tested. A significant main

effect means that the m_su_ response is diff_nt for different

values of that parmte_r. Dis is illustrated by the followiq diagram

which contains the zn cycle life (Cycles to 0.0 Volts) of cells

tested at the high temperature o0_Iditio_ (_" C) and the cells tested
at the low tmperature conditions (30" 0).

-3O88

5210 2122

Low Temp High Temp

There was a difference of 3088 cycles between cells cycled at the low
and high temperature conditions. The ANOVA is a technique to determine

whether or not this can reasonably be attributed to random fluctuations
in the test. In this case the difference was not due to random

fluctuations. Other variables are summarized in Section VI, Table

VI-5. A two-way interaction between two parameters exists wl_en the
effect of one parameter is different for different levels of the

second parameter. This is illustrated as follows:

II-9
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TWO-WAY INTERACTION T AND CR

T

High
CR Low

} High (50 ° C)

I 2713

I 1532
l

Low (30 ° C)

5044
• 5374-

The diagram shows that there is an interaction between temperature (T)

and Charge Rate (CR). At the high temperature the cycle life is reduced

by ll81 cycles when changing from the high _ to the low CR. At the low

temperature the CR has an opposite effect, an increase of 330 cycles. It

is also seen that going from temperature to temperature produces the

greatest effect. The results of the t3wo-iay interactions for c;i eight
test variables are given in Section VI, Table VI-6. Data is presented

using four different failure criteria; cycles to O.OV and I.OV, cycle

life time {hours) to O.OV aM l.OV.

Several analysis of variances were l_rf_ using the fractional

factorial data of the test design to select the "best" composite set

of significant factors _t determines the life of the ceils. Four

failure definitions, response varlab1_, e used: cycl_ to 0.0 volts,

hours to 0.0 volts, cF1es to 1.0 volts, 4hi _ to 1.0 volts.

"best" composite set of significant factors for each failure criteria
is show_ in Table II-3. In detel_ning tlke ¢(mlmstte set a factor
that was significant as an interaction was also included as a main
effect. This was the case for the variables I_recl_rge ampere-hours
and concentration of electrolyte.

|

0

g

TABLE I1-3 "BEST" CON_SITE SET OF SIGNIFICANT FACTORS

l
CYCLES TO I
0.0 Vol ts

T

DOD

CR

DR

CHG

PC

TXDOD

TXCR

DOD X CR

DOD X DR

DOD X CHG

CR X DR

DR X CHG

CHG X PC

HOURS TO
0.0 Volts

T

DOD

CR

_R

CHG

PKOH

PC

TXDOD

TXCR

DOD X CR

DOD X DR

CYCLES TO
1.0 Volts

T
DOD
CR
DR
0tG

PKOH
PC

TXDOD

T X PKOH
DOD XCR

HOURS TO
1.0 Volts

T
DOD
CR
DR
CHG

PKOH
PC

TXDOD
TXCR
TXDR

CR X DR

CR X CHG

CHG X PC

CR X DR

DR X CHG

DR X PC

CR X DR

DR X CHG
DR X PC

ll-lO
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In order to obtain a better understandlmj of the significance of
a factor or interaction one needs to study the mean failure time tables
VI-5 and V]-6 in Section VI. This has not been done in this report.
An additional report will analysis these tables.

C. STEPWISE MULTIPLE LINEAR REGRESSION

After performing the Ai_OVA, a stepwise multiple-linear regression
(SMLR) was performed to obtain an equation that best fits the response

surface of the test results. The resultant equation is of the form:

L

r
le-

y = bo+blx|+bzx2+...+bixi+...bnxn

where y = Life

xi = significant main effect or interaction

bi = coefficient of the corresponding maln effect or interaction.

The regression was also pe_omed usimj the nlturll lo_rithm of life.

Those factors (test variables) that were determined to be signifi-
cant from the ANOVA were al lowed to enter the SNLR equation and
coefficients of the corresponding main effect or interaction term
were determined. Four equations were generated; one for each of the
four failure definitions. The data from both the star points, center
point and the factorial packs was used in generating the equation and
the coefficients. Th._ equations are shown tn Table V1-7 of Section Vl.
The test parameters of each pack were then substituted into the
equations and a prediction for the average cell life was obtained.
These predictions are given in Table VI-9 of Section VI.

To i11ustrate,

The following equation was generated to predict (within the range

of the accelerated test parameters) cycle life to 0.0 volts. To do

so, substitute the test parameters and perfom the arithmetic:

Cycle Life (To 0.0 Volts) = 46231 - 3.91(T X DOD) + I0.09(CR X DR)

+ .96(DOD X CHG) - 427.31(T)
- 801.33(DOD) + 3.31 (DOD X IX)D)
- 63.5(CHG)- 7.19(CRx cR)
- 2.03(DOD X DR) + 328.31(DR)
- z.68(DRx DR)- .89(CHGx DR)
+ 6.58(T X CR) - 229.67(CR)

NOTE UNITS are T = °C, 1300 = %, CR and DR = An_s, and
CHG = %.

11-11
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As was previously stated, the coefficients and equations that
were generated by the regression analysis are valld only in the range
of the test parameters; i.e. only within the range of the five levels
of stress of this test plan. Extrapolation of the equation outside
of the range must be done with care, because there is no guarantee
the equation will be valid. The test plan has cells cycling at
nomal conditions, thus data is available for comparison of actual
life with predicted life from these extrapolated equations. This
was done.

The extrapolation properities of this _uation to nomal test

conditions does not appear to be exceptionally good. The prediction

standard deviation could be as high as 40% of the predicted values.

The prediction of five of the equations are summarized in Table 11-4.

TABLE I1-4

PREDICTED VALUES FOR NORMAL TEST PACKS FROM REGRESSION EQUATION

Temp.

Failure Criteria

Hours Cycles Hours

I
Ln cycle_Cycles

To O.OV

I ......

Pack INo.

84N i

%

40

20

20

40

°C

[
I

Io i
2o i

t

o !
t

20 __J

17029

20Z56

27073

11942

To O.OV

23265

21541

31298

15183

To 1.0V
r

11666

16226

20863

8423

To 1.0V

29424

22716

38123

15755

To O.OV

50559

42O24

727g3

21978

l¢

The predictions in the first four colu.ns all appear low; however,

the predictions in the last column where the natural logarithm of

life was used appears to give results that may be close to the actual

life. All of the normal packs hate passed 21,000 cycles, but pack _CN

has had two failures near 20,000 :ycles so the position appears clo;e.

Also in looking at other cells on test at Naval Weapons Support Center,
Crane, the predictions of the other packs appear reasonable.

It is also noted that the predictions for the nomal cells are

in the correct order for the ) DOD and temperature conditions. Further

work in input data selection and analysis is needed to guarantee the

best regression prediction equations. The results are encouraging

and indicate accelerated testing is feasible.

ll-lZ



D. NONLINEARMODELS

WQEC/C 79-]45

Various members of the working group have suggested non-linear

equations because some of the test parameters were better described

by an exponential function. The four equations suggested were:

I) Cycle Life = a(b-TEMP) exp (cDOD)

2) Cycle Life = aF123"DOD_DOD bex p (cTEMP)
m

(% RECHARGE) d

3) Cycle Life = a(bDOD+c(TEMP+273) -l)

4) Life (Hours) = a(1-exp(b(TEMP-c)))exp(dDOD)

(% RECHARGE)e

The coefficients for the equations were determined and predictions
for the normal packs calculated. The predictions are listed in
Table II-5.

TABLE II-5

PREDICTED CYCLE LIFE OF NO_ PACKS BY THE NON-LINEAR EQUATION'S

Pack DOD Te_
No. _; OC

83 40 0

84 20 20

85 20 0

86 40 20

.Equation N_r and Prediction
1

17469

25910

36989

12239

2

43813

49432

103267

20004

3

31726

26569

67839

12425

16979

15861

22919

11750

NOTE: Equations I, 2, 3, predict cycle life to O.OV.

Equation 4 predicts cycle hours to O.OV.

Observing the results it appears equations l, 3 and 4 are pre-

dicting low results. Equation 2 appears to be predicting good results

except for pack 85 which appears to be too high. These were first

attempts to model life predictions and additional effort is needed to

refine the models. It is interesting to note that these models use

only two to three of the test factors. Including some of the other

test factors and modifying the equation's is expected to improve

their prediction capabilities.

II-13
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E. TiBAR PREDICTIVE TECHNIQUE

MQEC/C 79-145

The TiBAR technique was proposed from previous work perfornwd
at NAVWPNSUPPCENCrane, reference 17, on cells under normal operating
conditions. The technique is based on the theory that the rate of
voltage drop on the discharge part of the life cycle is related to
the life of the cell. Thus, the time it takes a cell to reach a given
voltage during discharge (Ti) was used as a measurable indicator of
life. This technique was also applied to the charge curve.

It was shown (reference 17) that if the time to reach 1.25 volts
is small, the cell is not usually as good as one that required a
longer time to reach 1.25 volts.

It was anticipated that the mean of each pack could be predicted

from the eight test parameters and that cell to cell variation within

a pack could be explained by the average of the Ti values (TiBAR).

This theory was applied to the composite design by using the eight
test parameters and TiBAR values as independent variables in regression
analysis.

The time to discharge (Ti) to a voltage of 1.25 volts had been an
arbitrary choice, therefore, the levels of 1.26, 1.24, 1.23, 1.22, 1.21,
and 1.20 were also used. The time from one voltage level to another
on the discharge curve (delta Ti) and the time to reach a specified
voltage on the charge curve was also trted.

The TiBAR technique was to screen the oells by cycling each cell

for a few cycles and from the data determine a good cell. Thus a

maximum of 300 cycles was arbitrarily chosen. Since it was possible

that the very early cycles might behave differently, several sets of

cycles were used. TiBAR values in 50 and I00 cycle increments between

one and 300 cycles were used in evaluating the regression equation.

The regression analyses using the TiBAR values were perfomed
early in the program. At that time, only 18 of the 82 packs had

failed. The 18 packs were those that had been operated under the

extreme conditions of the test design.

The predicted values obtained from the regress analysis using
the TiBAR's did not order the individual cells within a pack the
same as had been observed in actual testing. This indicates that the
TiBAR technique may not be able to distinguish the cell variation
when accelerated conditions are used.

More benefit to the program might be obtained from the TiBAR

technique if the analysis was reviewed and rerun using a data base

of the full test design and knowledge learned from the ANOVA and

regression of eight test parameters.

II-14
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Some of the problems in using this technique could be related to

how constant the test conditions were maintained. For example if the

discharge current and temperature drift or change during the test,

the value of Ti will change. This is also true of test interruptions.

It is also noted that several of the cells in the 18 packs analyzed

failed due to pressure, and it is not expected that discharge voltage
would be indicative of a pressure failure. Another possible indicator

of ordering life that could be evaluated is end of discharge voltage

as a function of cycle. This is presently under investigation.

F. HYSTERESIS LOOP PREDICTIVE TECHNIQUE

The hysteresis loop is a technique for differentiating between

good and bad cells or ordering cell failures in a pack. The technique

was developed by Cryptanalytic Computer Sciences (CCS) under sub-

contract to NASA/GODDARD. Basically the hysteresis loop is a calculation

of change in the area between the charge and discharge as a function of

.ycle. The charge voltage curve is "rotated" 180° and is in essence

plotted on the same coordinahs as the discharge voltage curves as

i11ustrated in Figure II-1.

FIGURE II-I EXA_L_ OF HYSTERESIS LOOP

Area of

Hysteresis V

Loop 0

L

T

A

G

E

_,_z;r/ Rotated Charg_charge Curve

TIME
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As with the TiBAR technique, the hysteresis loop variable was to

order the failures of the individual cell within the pack while the

eight test parameters gave the average predicted life of the pack.

Calculations were run when 18 of the 82 packs had failed. The pre_
dicted order of cell failure was not consistent and it was concluded

that the hysteresis loop technique was not a good predictor. The

reasons why the hysteresis loop was unsuccessful are probably similar

to those for the TiBAR. But, it should also be noted that the technique

was derived from data gathered on cells tested under more normal condi-

tions. Zn developirg this technique the difference in the length of

time of the charge and discharge curve was small. In the accelerated

test data this is not always true; thus, using this variable may have

created some problems. It is suggested that future efforts using this

technique on accelerated test data should be performed on normalized

charge and discharge curves or another variable, such as ampere hours
in and out.

The hysteresis loop should be attempted on selected packs where

tnere was greater dispersion in cell failures and where cells failed

primarily due to low voltage. There are two interesting features

in the area curve in Figure II-2. Two different slopes can be seen.

One slope is between 0 to 50 cycles and a second slope can be seen

between 50 and 300 cycles. No attempt has been made to calculate

these slopes for cells to determine if the slopes are related to
cell failure order. It seems reasonable to assume that as a cell

cycles (ages) the charge voltage would tend to increase and the dis-

charge would decrease. This appears to be the case as seen in

Figure II-2. It also seems reasonable to assume that the slope should

be an indication of relative life of cells in a pack.

G. CHEMICAL AND PHYSICAL ANALYSIS

The init,al test plan required chemical ahd physical analysis
on 532 cells. The analysis consisted of the following:

_. Visual Inspection (cell in Discharged state).

2. Take gas sample and analyze for 02, H2, & N2.

3. Cut ceil open in N2 atmosphere and weigh element.

4. Separator "Patch" for wet weight, dry weight, OH', and C03 =.

5. Soxhlet extraction of electrolyte in cell element.

6. Analysis of electrolyte for OH- and C03 =.

7. Dry element weigh and disassemble.

8. Obtain weight and thickness of plates.

II-17
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9. Analyze negative plates for Cd+ and Cd(OH) 2.

lO. Analyze positive plates for Ni(OH)2 and Ni.

11. Measure residual electrochemical capacity of positive and

negative plates from discharged cell and total electro-

chemical capacity.

Late in 1977 it became apparent that funds and time were insuffi-

cient to do a complete failure analysis on all of the cells and

modifications were made. Most of the star point cells were analyzed

(118 of 128). On the factorial packs it was decided to analyze one

"average" ceil a_d any "maveric" cell that failed outside the average.

In early 1978 a further reduction was required. Only electrolyte and
plate physical measurements were to be made on one average cell of the

remaining packs. Cells and components of cells torn down are in

storage so analysis can be performed if deemed necessary. At present
there is considerable chemical and physical data which has not been

adequately analyzed.

I. Gas Analysis

In most instances the gas analysis was made weeks or months after

the cells failed and pressures were not recorded at the time of analysis.

Therefore, the quantitative results cannot be related to the failure
mechanisms.

2. Separator Patch Test

The separator patches were cut from a cell and soaked in deion-

ized water for 24 to 36 hours The wet weight and dry weight of
the patch was determined. The solution was titrated to determine

the concentration of OH- and C03 = ions. These patch test results
should only be considered on a qualitative basis because in some

instances the separator had to be scraped from the negative electrode

and iL is believed that Cd(OH) 2 interfered with the titration results.
In genera] the separator patch test revealed there was less electro-

lyte in the separator of a cycled cell than an uncycled cell.

3. C_eilE1ectrolyte An_alysis

The electrolyte extracted from the cell was analyzed for KOH

and _2C03 by acid titration The weight percent concentration of
KOH in the cell was calculated by dividing the weight of KOH by the

weight of the electrolyte extracted from the cells. The volume of

electrolyte in the cell was calculated by dividing the weight of the

electrolyte extracted from the cell by the specific gravity which
was estimated from the concentration. The results are summarized

in Table V-5 of Section V. Since the cells had varying concentrations

and volumes built into different groups for the test, one cannot

easily pick out differences or trends from the Table. Cells of like

constn_ction neea to be grouped together for analysis. The weight
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of K2CO3 found in cycled cells was about double the quantity found in
uncycled cells. The data needs further analysis to determine how
temperature or the cycle regime effects the change in the quantity

of K2CO3.

4. Chemical Analysis of Positive and Negative Plates

The chemical analysis was performed on a set of three each positive

and negative plates from each cell. The negative was analyzed for

residual undischarged cadmium metal and cadmiL_ hydroxide, Cd(0H) 2.
The positive plates were initially analyzed for residual undischarged

trivalent or tetravalent nickel and nickelous hydrozide, Ni(OH) 2.
The quantity of the nickelic, undischarged material was negligible on

the first several cells analyzed and this analysis was deleted. The

results of the plate analysis are given in the Table V-2 in Section

V, which also shows equivalent plate capacities. Total equivalent

cell capacities were calculated and are presented in Table V-4 in
Section V.

It was observed from the tables that the total cadmium in uncycled

cells ranged from 16 to 18Ah and in cycled cells from 15 to 17 Ah
in uncyc]ed cells which is a loss of 1.0 Ah. The calculated equivalent
cell capacity of the positive plates in uncycled cells ranged from
9.0 to 10 Ah and in cycled cells it ranged from 10 to ]1Ah. Thus
the positive plate chemical capacity increased 1.0 Ah during test
which is indicative that some of the nickel sinter was oxidized
during the cycle tests.

S. Electrochemical Analysis of Positive and l_ative Plates

The flooded electrochemical capacity of three each positive and

negative plates was measured in test cells. The plate being measured

was the center plate of a three plate test cell with outside opposing

electrodes of opposite polarity. The test plate was wrapped with a

gas barrier RAI separator. The electrolyte was 31% KOH. The test

plates were discharged initially at the C/2 rate to 0.5 V to

measure residual capacity. The plates were then given three charge

discharge cycles. The plates were charged at a C/3.33 rate. T_e

positives were charged 200% and the negatives were charged 4OOC_.

The discharge on both positive and negative plates was performed

at the C/2 rate to 0.5 V. The results of the measurements are given
in Table V-2 of Section V. The material utilization is shown in the

last two columns of the Table and was calculated by dividing the

electrochemical capacity by the chemical capacity. Table V-4 lists
the calculated equivalent electrochemical cell capacities of the

plates and the negative to positive plate capacity ratios.

As with the chemical analysis, the electrochemical analysis showed

negligible residual positive plate capacity. The uncycled negative

plates showed negligible residual capacity (sometimes referred to as

precharge) and the cycled plates varied from negligible to 0.47 Ah

per plate, indicating that the residual capacity of the negative plate
increased during cycling.
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The calculated cell electrochemical capacity of the positive
electrodes ranged from 6.8 to 8.4 Ah on uncycled cells and from 5.8
to 9.5 Ah on cycled cells. The calculated cell electrochemical
capacity of the negative electrodes ranged from 8.6 to 14.2 Ah on
uncycled cells and 3.7 to 12.6 Ah on cycled cells. This data needs
further analysis before any conclusions can be drawn. A tentative
conclusion is that many of the cells which failed due to loss of

capacity, did not fail because of loss of capacity of the electrodes

alone, but must be related to a cell system failure involving mass

transfer. The negative and positive material utilizations vary

considerably on the uncycled and cycled cells, and this needs further

analysis to determine if there is a significant difference between

cycled and undycled cells.

6. Plate Weight and Thickness

The weight and thickness of each plate in an analyzed cell was
measured. The measurements were averaged on a cell basis and are
listed in Table V-2 in Section V. No significant difference in the

weights of uncycled and cycled positive plates, but there is a slight
loss in weight of the cycled negative (cadmium) plates. This difference
is attributed to the migration of cadmium. There does not appear to

be a significant change in thickness of the negative plates with cycling.

There is a significant increase in the thickness of positive plates

witL cycling. Further analysis was perTormed to determine If there

was a significant difference in thickness between the top and bottom

of the plates. The results of this test showed that any differences

between the top and bottom measurement that exists in cycled cells
is similar to the difference that was fourm in cells that were not

cycled.

The positive plate growth has been attributed to the corrosion

of the nickel sintered material of the positive. This was suggested
in references 26 and 2g and was related to the life of the cell. Addi-

tional analysis, found that the maximum cycle life of a given cell could

be predicted based on the given increase in positive plate thickness.

It was postulated that the maximum thickness a positive plate could

obtain was 0.975 c_. This work is reported in Section VI.

7. Plate Lot Varlations

As has been previously stated the cells were manufactured over a

2-year period and were _ade of three plate lots (No.'s I, 2 and 4).

it was assumed that no significant differences would exist between the

lots, but differences were seen during analysis. It was determined

that Lot l cells were significantly different than Lots 2 and 4 cells.

This is not as bad as it first seems. Remember the Lot 1 _ells only

were used in the star point, and storage part of the matrix and

Lot 2 and 4 cnm,prized the factorial part of the matrix. Table II-6

summarizes the results from the uncycled cell analysis.
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TABLE. [ I-6 UNCYCLED CELLS - PLATE ANALYSIS

cELL T THICKNESS- cm

LOT NO. IPOS. NEG.

WEIGHT - gr

POS. !NEG.

I a

2b

4b

ao

.0740 .0826

.0768 .0837

.p751 L" .0854

Do

6.92

7.21

7.55

Average of eight ceils

Average of four cells

8.47

8.73

8.69
I i

CHEM. CAP.Ah

POS. I NEG.

0.894 1.641

1.020 1.677

1.070 1.673

ELECTROCHEM. CAP. Ah

POS. NEG.

.700 0._

.812 1.042

.832 1.17

From the data in Tabie ll-6 it is seen that cell Lot I plates

are thinner, lighter and have less capacity than lots 2 and 4. The

greatest difference is that the Lot 1 positive plates are 15 to 20%

lower in c_emica! and electrochemical capacities. The effects of the
test results are unknown, as the test plan was not designed to evaluate
the difference in plate lots. In comparing cells, one must be aware of
this difference and make a judgment of the effect this difference has
on the test data being evaluated.

8. Ce_|1_gradation and Failure Mechanism

The majority of the work performed on cell degradation and
failure mechanism using the chemical and physical results has been

done by Dr. P. McDermott of Coppin State University under contract

with NASA/GODDARD (References 26, 29 and 30). He found that the

nickel sinter of the positive plate was being oxidized and there was

about an equiva!ent amount of charged cadmium being produced in the

r_ega_;ve place. He postulated that this could lead to high pressure

faiiures becJuse the cell would lose overcharge protection since the

oriqlna_ ex,:e_s Cd(OH) 2 was being reduced. He also theorized that the
positiv_ plate swelling contributed to cell failure by absorbing

e_ectrolyte and squeezing electrolyte from the separator. The drying

out of the separator could contribute to low discharg_ voltage and high

pressure by increasing the cell impedance and by restricting the diffusion

of oxygen. Internal shorts would be enhanced by the compression

of the separator and the fact that cadmium migrated into the separator.
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SECTION I II CONCLUSIONS AND RECOR(NDATIONS

The conclusions contained herein are based on the results obtained

thus far on the accelerated test program in which 81 packs of 86 five

, __IIpacks put on test have c_leted cycling tests. The four normal
ondition packs (83N-86N), factorial pack 5N and center point pack 96N

Jre still cycling. Five accelerating or stress parameters and three

design parameters at five different levels were used. The stress para-

meters were depth of discharge, temperature, discharge rate, charge

rate, and percent recharge. The design parameters wre negative precl_rge,

amount of electrolyte and concentration of electrolyte.

Eighteen of the test packs contained three extra cells, which were
removed at 1/4, 1/2, and 3/4 of predicted life to measure degradation
rate. Eight packs of thMm cells each were stored in a controlled
temperature envirom_nt. These cells were removed from storage and
analyzed to determiw._ the effects of the telperature storage on the
design factors and to correlate with cycling data. Chemical and physical
analyses were performed on one uncycled cell of Nch design variable
combination of the test matrix. In the following discussion, cycle
life refers to cycles to 0.0 volts, and cycle hours refers to hours
on cycle to 0.0 volts.

A. LIFE CYCLING

The _est matrix produced cell failures over a wide range from 13
cycles to over II,0(0) cycles. Many of the very early failures were due

to the efficiency of the combination of test parameters being too low

to su_stain long term cycling. Also, in reviewing the data, the follow-

ing observations were made:

So_:_ecells exhibited low voltage characteristics early in life,

then became high later in life. Whether they failed first or
not is unknown at this time.

. The cells with a pressure transducer exhibited different voltage

characteristics than cell without a pressure transducer. Statis-

tical analysis showed no significant difference in cycle life
between cells with and without pressure transducers.

lll-I
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B* CHEMICAL AND PHYSICAL ANALYSIS

WOEC/C 79-145

The test procedures have been i_lemented in a production line

operation. The following observations are made.

I . The gas analysis data must be accepted as qualitative results.
In order to be of more quantitative benefit a gas sample must

be taken immediately after termination of the test.

. In cells cycled under the stress conditions of this test, cadmium
hydroxide migrated into the separator and complicated the acid
titration analysis of the electrolyte that was retained in the
separatnr. Thus, the separator patch test can only be used for
qualitative analysis. If quantitative results are to be obtained
from this test, a solution to the cadmium hydroxide interference

must be c.btained. No interference occurred in the analysis of

the electrolyte.

. additional problem in testi_ the separator is, that under
extreme conditions, the separator is deteriorated so that an

adequate sample cannot be _t_i_.

C. OATAANALYSIS

I. Data Base

A larqe data base has been established from this program. This data
base con_ai-s electrical cycling, manufacturer's tests, baseline tests,
chemical and physical analyses. The data base is computerized so that
either standard or specially written computer programs can be used as
an effective tool in evaluating the electrical, chemical and physical
make up of the cells. Information concerning the availability and use of
this data base may be obtained from NAVWPNSUPPCEN Crane with Y_ASAapproval.

2. Composite Desi_._Z

The da_a b_se is still incomplete but enough information is avail-

able to perform some analyses of the test matrix. Analysis of variances

(ANOVA) have been performed on the fractional factorial data to deter-

mine the siunificant main effects and two-way interactions that affected

life. For various reasons, some data points were missing creating an

imbalance in the test design matrix. Therefore, the ANOVAwas performed

on the whole desig_ and on separate parts so as to minimize the imbalance.

These ANOVAs were evaluated and a "best" composite set of significant
parameters was determined for each of the four failure criteria; cycles

to 0.0 volts, hnurs to 0.0 volts, cycles to l.O volts and hours to l.O
volts.

III--2
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a. Test Parameters. The accelerated test data was used to initially

evaluate the effects of the test parameters. The intent was to determine

which parameters would he the best to use in a reduced accelerated test

or a sampling plan. As expected, all five environmental parameters

tested as being significant to cycle life of the cell in n)st of the

cases, but in developing a reduced accelerated test or sanq)ling plan

we are looking for the factors that produce the best results. Temp-

erature and depth of discharge appeared to have contributed the most

to the variation in life of the cells. For both temperature and

depth of discharge it appears that the log cycle life is an approxi-

mately linear function in the range of 20° C _ temperature < 45 ° C

and 20_ < depth of discharge _ 100%, but the relationship is highly

non-linear for higher temperatures. This indicates that temperature

and d-;pth of discharge can be used to accelerate a life cycle test,

the results of which can then be extrapolated to normal (less _tressful)
test condicions.

g
m

|

P

P

D

D

Charge rate and discharge rate did not prove to be go_d accelerating

factGrs in the given test design. An increase in the charge or discharge

rate decreased the cycle hours; but at the sa_ time, inc_ased the cycle

life. Also the cc_Yoination of low charge afwl high telperatm'e cause_l

some packs to fail very early. Further testing needs to be done before

charge, and discharge rate could be considered reliable predictive

accelerating factors.

Percep.t recharge was identified in the ANOVA as being significant.

An increase i;_ the percent recharge was ass_iate_1 with a decrease in
cycle life _n(l a small increase in cycle hours. But the c_ination

of percent recharge and high charge rate attributed to the high n_er

of pressur_ ;°_i;,_ress_ in the test. Thus percent recharge is not a

good fact_r ;.;:_se in an accelerated test plan.

W:zhiF, Lhe range evaluated (quantity of KOH 17.5 to 21.5 cc;

concentra) :,,_:_.f :.OH 22 to 38 _,by weight; negative precharge 2.2 to

3.3 ah), tnP dasi_._ variables, at the accelerated test design conditions,

had eery _;:t.c: _-i'ect on cycle life or cycle hours. The intent of these

parameter= _,,._:c, ovaluate significant trends in design. At present,

desig,_ v_,-_._-,:,_.s,;ave not been analyzed enough to determine what levels

are opt_n_J,.:, it. i_ possible that the highly stressed test environment

everwi_ei,c,i -r_ _._,_nificance of the design variables or the variation

.'_,,,r _,_._ion. Stepwise multiple-linear regressionb. ,_ ,_._L_..,e_-..,.: ._._, o_

was p,_rforF:¢..:_uc_,_:._._,qindependent variables the composite sets of

signlfica:_t f,:c;c,r_determined by the ANOVA. Eight equations resulted

from :.he r_.q_?._,sin:,one _quat_,_n for each of the four failure criteria

and for tF.,_)_-. n_*_;_] logarithm. These equations provide the best fit
of the date _.n_0:;- Dossible using the results of the ANOVA. The equations

were r.r,en _ed _ith ;he test paran_ters to calculate the life of an

average ce_3 tes:£,"._C th_se conditions and to predict the life of an

averaqe c_i t:_t_,_ at the normal conditions. The prediction equations

do not _-_)_,.. " ,*e .:xtrap_late p_rticularly well to the normal test condi-
tiens.
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The predictions of the normal condition packs were, in most cases,

lower than what the working group had anticipated and in some cases

were lower than the actual life at the present time. It is noted

that the order of the predictions is the same as what is expected.

Additional analysls of the regression results is required to determine

how accurately the equations have predicted the average cell of the

composite design. The results do indicate that lS to 80 percent of the

variation in the cycle life of the cell can be explained by the environ-

mental test factors. The remaining percent variation is due to either

the individual cell variation or other variables not yet identified.

In order for any method to be useful, it will be necessary to determine

the cell-ta-cell variation factor that distinguishes a "good" and "bad"

cell by using sucn techniques as TiBAR, Hysteresis Loop or Discharge
Curve Fittino. These techniques and others should be reviewed and

applied appropriately to the data base presently available,

c. Disc_rnin!_ Indiviaual Ceil Performance. Two techniques (TiBAR
and hystere_:s loop) were tried to determine characteristics of indi-

vidual ,-.ellperformance, These attempts were performed at an early date

of the pro_rc.m ant were unsuccessful at determining individual cell

perfomarce within a pack, There were several reasons for failure,

one of which was lack of data. In view of what has been learned from

the. present analysis and from the pack failure, further study of tech-

niques f_r discerning individual cell per--formnce is needed.

d. No_ -;.,near Reqression, In evaluating the test parameters it was
found r.n_L ;,_ sr,._e ceses non-linear functions could better describe

the el:E(,- .h_n could linear functions. Several non-linear equations
were deve_,_:_d and tried. These equations have been based on only
2 or 3 _._.ct-.,_; w_th further study, additional factors may be added and
the e_u_t:-,,s i_Drov_X.

3. ____r_T?:_c-_ F;tu___d_y_nd Failure Mechanism

ccntideranie amount of chemical and physical analysis data has

been p_t,t,,,:,C. As yet, the bulk of this data has not been analyzed,
with F_n:_ .-,"the analysis being performed on the physical data. This

analvF:" )_:. "h,t _he positive plates swell during cycling. The

rate :,':T.h_c?_._nq is strongly dependent on the levels of the test
pare.n_.t_:-_ :: _articuiar on DOD. But whether or not plate thickening

is a f_i,.:-e _-Qzhanism at low depth of discharge and temperature is

que_tJc,-_;.;_. There was _ery little positive plate thickening in

the p_c)" /.'c_c_ _t 20% D(ID, even though this pack cycled 14,000

cycle_.

The .'_,!_tinnships of the other cell variables to the test condi-

tions r-;_,:-_,f_rther analysis. Some trends noted as a result of limited
analys _._._.f.-_(! teardown data were:

P,bti._ve plates are exhibiting an increase in thickness. It
i: _heo_ized that this is due to corrosion of the nickel sinter.

[" , ;;-._:,ivc plates show a decrease in total negative capacity when

:'-.::.._p_icells _re compared with cycled cells. This decrease

•.... ._P_)_y d_e to cadmium hydroxide migration into the separator.

III-4
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c. The negative charged active material increased.

d. The cadmium electrode does not thicken with life.

e. There is no significant difference in thickness between the

top and bottom of electrodes.

m
D. RECOMMEr;DAT !ONS

This _eport has presented the results obtained from analyzing the

composite design _f the data base as of December 1978. This data base

was not totally cc_tlpletebut is satisfactory for performing the analysis

of variance and _,_e linear regression. The "best" composite sets of
significant factors have been determined and would not be changed by

adding the rer,aining data to the data base. The regression equation

based on the test parameters is the best that can be obtained at this

time. Imorove_a_zs might be possible once the data from the normal

conditions a_e available and included. A more complete analysis of

the results cf the linear regression is required. It is recomme_ed

that the mai:: e_fects and two-way interaction curves of the test
paramete:-s provided by the regression equation be analyzed.

Early Jr. the proqram, attempts were made to determine character-
istics of individ,al cell performance. These attempts failed for

various re_::._F._,one be_ind a lack of data. It was decided to approach

the problem,,hy :,braining the data, then analyzing the data using just

the test ,_;:'_,c_;,z_,and finally to identify the characteristic of cell

perfr;-_r.c - :_e key to a successful prediction equation will be

identifi(_ :::_n."_; _.c_racteristic of cell performance. It is recom-

mended t,h;i,.-_ci.,izionalefforts be put forth to identify a characteristic
of celi _._" c_::.ipce.

A E_L_.,-..." u:;,%rstandin_q of the failure mechanism(s) of this test

is rc,._,,,....._._.,rficient d._.taon the physical aspects of the failed

cell:_ _;_ :-tF, ,Jdd_tiona, che._ical analysis should be performed. The

mini,_,_,r::.:,;:_,_,_.nn,_.-1is to complete analysis of the fractional factorial

cell_: :_.h.,__ :.,.,'-.:,.)enpartially analyzed.

O)_,I,: _),- ' ,':.-_.'_rkis performed the test conditions that should

be us_ _:;_,.... _ _,_ali accelerated test or a sampling test can be
identif_.,_. .._ i.-i_t.;fied the test conditions will have to be

eval_.-__c.__,. .-:,,_1 _ests.
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SECTION IV

TEST PLAN AND RESULTS

The accelerated test program was designed to produce
battery failures under stressful conditions and to relate these

failures to those which might occur under normal space flight
conditions. Five environmental parameters, temperature, depth

of discharge, charge rate, discharge rate, percent recharge;

and three design parameters, concentration of electrolyte,

amount of electrolyte, and ampere-hours of prechargb; at five

levels of each factor were used to permit statistical evaluation
of the effect of each factor and all two-factor interactions.

This section describes the test design, a method of studying

cell degradation, the cell design and the electrical testing
performed.

i
b

A. COMPOSITE DESIGN

This accelerated test was desigr_ed statistically using eight factors

(five environmental and three physical factors previously identified as

important to the battery performance) at five levels of stress for each
factor. Using these parameters, a full factorial design of 58 would

require 390,625 test "points". To keep the number of test points required

to a minimum while obtaining the desired information on the eight factors

and five levels of each factor, a composite design concept was used.

This design consists of three statistical elements identified by the

terms, fractional factorial, star points and center point. Table IV-I

summarizes the eight factors and associated levels in the accelerated

test program. Additional discussion on the theory of the composite design
F,_y be found in reference (7).
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TABLE IV - I FACTORS AND LEVELS

ENVIRONMENTAL FACTORS

I. Temperature °C (T)

2. Depth of Discharge %(DOD)

3. Charge Rate (CR)

4. Discharge Rate (DR)

5. Percent Recharged (%RC)

I _r

LEVELS

2** 3*** 4**

20

20

C/4

C/2
110

30 40 50

40 60 .80

C/2 C 2C
C 2C 4C

140 140 200

DESIGN FACTORS

6. Concentration nf Electrolyte (%KOH)

7. Amount of Electrolyte (CC)

8. Ampere-Hours of Precharge (AH)

22

17.5
2.20

i 26

18,5

2.50

5 _

6O

I00

4C

8C

200

30 34 38

19.5 20,5 21.5

2.80 3.00 3.30

" Star Point Levels

*" Fractional Factorial Levels

*** Center Point Levels

NOTE: In the oriqinal proposed design the percent recharge of levels

3 and 5 had been 170 and 230 respectively. Since the specific parameters

were based on engineering judgement, a proofing test was performed to

validate these parameters. As a result of the test, the percent

recharge level of 170 and 230 were changed to 140 and 200 respectively.

These results are reported in reference 6.

1. Fractional Factorial

lhe fractional factorial part of the composite design is analyzed

separately to determine which main effects and/or interactions have a
significant affect on battery life. A 2° factorial matrix using two

levels--a high and a low (level 2 and 4 of Table IV-l)--of the eight

factors requires 256 test points. Since only the main effects and two

factor interactions were to be analyzed, a one-fourth fractional repli-

cation was used to reduce the number of test points to 64. Figure IV-I

illustrates the full 2_ factorial. The pack numbers (IN through 64N)
are the test parameters of the test points used for the 1/4 X 2_ factorial

of the test design. The full 28 factorial would have a pack tested in

each of the boxes in the figure.
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2. Star Points and Center Point

The star points of the design take each extreme level (levels 1 and
5 of Table IV-l) of each factor in combination with the center level
(level 3 of Table IV-l) of the remaining seven factors. The center point
of the design is determined by the eight factors of the center level
(level 3 of Table IV-l). This part of the composite design gives a
method of evaluating the non-linear effect of the factors without a size-
able increase in the number of packs required. The star points required
twice the number of factors, thus 16 packs for the eight factors, and
center point required one pack. To complete the statistical design, a
second pack having the same parameters as the center point was added to
estimate the error that might be present due to the pack-to-l_ck variation.
Table IV-2 illustrates the test parameters of the star and center points.
The number of cells and packs for the complete composite design is
summarized in Table IV-3.

TABLE IV-2 STAR POINTS AND CENTER POINT TEST MATRIX

STAR POINTS

Pack Temp
No. (°C)

65N 60
66N 60

67N 2_'\

68N 40 1O0

69N
70N

71N
72N

73N
74N

7_
76N

77N
78N

79N
80N

81N
82N

4O
4O

4O
40

40
4O

40
40

40
40

40
40

4O

DOD _,hg
(_) Rate

C
C

C

Environmental Parameters

Disch

Rate

2C
2C

2C
2C

Rech9
(%RC)

140
140

140
140

2C 140
60 2C 140

6O
6O

6O
6O

4C

C 8C

2C

2C
2C

2C
2C

60
6O

2C
2C

2C

60
60

60
60

140

140

140
140

140
140

Phys| cal Paramters
KOH
(cc)

CENTER POINT

30 2.80 [_ 19.5
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TABLE IV-3 SUMMARY OF TEST DESIGN

COMPOSITE DESIGN

Packs Cel Is

64 320

16 80

2 lO

Fractional Factorial

Star Points

Center Point

Total Required 82 410

I-

SUPPLEMENTARY TESTS

Normal Conditions

Uncycled Cells

Degradation Rate Evaluation
a. Unfailed Removal

b. Temperature Storage

4 20

- 30

17 63

8 23

lg 136Total Required

3. Supplementary Tests

Additional tests that would correlate with the composite design and
benefit the overall program were included. These supplementary tests
are summarized in Table IV-3.

a. Normal Conditions. To determine the expected life of the cells in

the program, cells were tested under "normal" conditions as shown in Table

IV-4. Conditions for temperature of 0° C and percent recharge of 105

were not included in the comRosite design. Therefore, to tie these con-

ditions into the design, a 2c factorial matrix using two levels of temper-
ature (0° C and 20 ° C) and two levels of depth of discharge (20% and 40%)
was selected.

Pack

No.

83N

84N

85N

86N

TABLE IV-4 NORMAL CONDITIONS

ENVIRONMENTAL PARAMETERS

DOD Chg

(%) Rate

40 i C/2.3820 C/4.76

20 i C/4.7640 C/2.38

Disch

Rate

C/l.20

C/2,40

C/2.40

C/l.20

PHYSICAL PARAMETERS

Rechgl KOH Prechg

(%RC)I (%) (ah)

105 34 2.50

105 34 2.50

105 34 2.50

105 34 2.50

KOH

(cc)

18.5

18.5

18.5

18.5
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b. Unc_cled Cells. In order to establish a baseline upon which to
compare the results of future chemical and physical analysis, sample
cells were selected from each design variable combination. A design
variable combination being a particular coag)inationof the three design
variables, concentration electrolyte (KOH %), ampere-hours of precharge (Prechg
ah), and volume of electrolyte (KOH cc).

The composite design matrix contained 15 design variable combinations.
Each combination was assigned a Group Number as shown in Table IV-5.
Groups 8 and !3 have the same design variables, Group 8 corresponds to
the normal points and Group 13 corresponds to the fractional factorial
points. Two cells from each design variable combination were selected.
One of the cells of each group was opened initially and all analyses
performed. The second cell was stored for future reference.

TABLE IV-5 DESIGNATION OF DESIGN VARIABLE GROUP

GROUP
NO.

l
2
3
4
5
6
7
8
9

lO
11
12
13
14
15
16

KOH
(%)

,

22 I
3O
30
30
30
30

34
26

26 [
26 i
26
34

34
34

PRECHG
(ah)

2.80
2.20
2.80
2.80
2.80
3.30
2.80
2.50
2.50
2.50
3.00
3.00
2.50
2.50
3.00
3.00

KOH
(cc)

19.5
19.5
17.5
19.5
21.5
19.5
19.5
18.5
18.5
20.5
18.5
20.5
18.5
20.5
_8.5
20.5

c. Degradation Rate Evaluation. Three cells were added to each of the
star points, center point and normal conditions packs for early removal.
One of the three cells was removed from each pack at an estimated one-
four,h, one-half and three-fourths of life. These cells were subject to
chemical and physical analysis to determine the mode and rate of degrada-
tion caused by the test conditions.

Table IV-6 lists the estimated cycles for removal of the scheddled
cells. The estimates are based on temperature and depth of discharge
cycle data resulting from test programs performed by the U. S. Air Force,
NAVWPNSUPPCEN Crane and the Defense Research Establishment, Canada.
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In order to detemine the effect of temperature on the design

variable, cells having the same design variables as the starpoints,

center point and normal points were stored in a controlled temperature

environment. Eight combinations of temperature and design variables were

possible and are shown in Table IV-7. A cell was removed from controlled

temperature storage when a scheduled removal cell was removed from the

corresponding pack identified in Table IV-7. The cell was opened and

chemically and physically analyzed for comparison with the scheduled
removal cell.

d. Chemical and Physical Analysis. In addition to chemical and physical

analysis of the scheduled removal, controlled temperature storage and

uncycled cells, each failed cell was to be analyzed, but as the program

progressed changes had to be made in the analysis schedule and are

explained in Section V.

TABLE IV-6 SCHEDULED CELL REMOVAL

STAR POINTS

Pack No.

65N

66N

67N

68N

69N

70N

71N

72N

73N

74N

75N

76N

77N

7_N

79N

80N

Estimated Cycles
to Failure

3000

900

9O00
400

2000

1600

2800

200

1000

500

3000

1000

2000

1000
i 800
1800

Cycles to Cell Rem

114 Life
First Cell

750

225

2250

I00

50O

400

700

50

250

125

750

250

500

250

450

450

112 Life
Second Cell

pval
3/4 Life

Third Cell
-- i

450

45OO

200

I000

800

1400

I00

500

250

1500

500

1000

500

900

900

2250

675

6750

300

1500

1200

2100

150

750

375

2250

750

1500

750

1350

1350

CENTER POINT

! 1 1

2000 soo t lOOO ( 1500
i 81N I L ........ _ L.....

NORMAL POINTS !

........ ................................ T ................ G ............

 7ooo ) 4 so I 85oo i 1275o
84N 27000 ! 6750 , 13500 _ 20250

85N 48000 ! _ (12000 ; 24000 _ 36000

S6N 13ooo i......  25o j 65oo.................... i _. 9750
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TABLE IV-7 CONTROLLED STORAGE

PACK
NO.

87N

"88N

89N

90N

91N

92N

93N

94N

TEMP

(C ° )

20 30
60 30

40 22

40 38

40 30

40 I 3o !o 34 i
20 I 34

_____ A

PRECHG

(ah)

2.80

2.80

2.80

2.80

3.30
2.80

2.50

2.50

KOH

(cc)

19.5

19.5

19.5

19.5
19.5

21.5

18.5

18.5

NOw

CELLS

3
3
3
3
3
3
3
2

CORRESPONDING
PACK

65N
66N

75N

76N

78N

80N

85N

84N

*This pack deleted from the storage program because its corresponding

pack, 66N, would not cyc]e at 60 ° C.

B. CELL DESIGN

The cells used as test samples in the progrm are nickel-cadmium
cells, rated capacity of six awere-hours (ah), manufactured by the
General E_ectric Company per GSFC Specification S-716-P-6 and General
Electric Manufacturing Document 232A2222AA-36; catalogue number 42BOO6AB62.
General information on the various cell components is as follows.

I. Cell Case

The cell case was drawn 304 stainless steel with a wall thickness

of 0.016 in. (0.040 cm) to 0.022 in. (0.056 cm). The wall thickness at

the bend radii was 0.011 in. (0.028 cm) minimum.

2. Cell Header

The cell cover was fabricated from 304 stainless steel and contained

two alumina ceramic seals with nickel iron (alloy 42) stress relief

collars and nickel terminal posts. The braze used in the ceramic to

metal sea] was a nickel titanium a11oy; the braze used to join the collar
to the cover was a silver palladium a11oy. Each terminal was tinned with

solder. The header assembly has a 0.187 inch (0.475 cm) O.D. stainless
steel fill tube welded to the cover.

3. Positive Plates

Each cell contains 10 sintered positive plates. The nominal

dimensions of the plate, excluding the tab, were 2.170 in. (5.51 cm) high,
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1.968 in. (5.00 cm) wide and 0.027 in (0.069 on) thick. Al% edges of the
positive plates were coined 0.08 in. (0.20 cm). The tab was an integral
part of the nickel-plated steel grid. The nominal flooded capacity, at
the two-hour discharge rate, was 0.75 ampere-hours per plate.

4. N_e_j.a.tive .Pi._

Each cell contained 11 sintered negative plates. The nominal
dimensions of the plate, excluding the tab, were 2.170 in. (5.51 cm)
high, 1,968 in. (5.00 cm) wide and 0.0315 in. (0.08 cm) thick. All
edges of the negative were coined 0.08 in. (0.20 cm). The tab was an
integral part of the nickel-plated steel grid. The nominal flooded

capacity, at the two-hour rate, was 1.3 ampere-hours per plate.

5. Separator

The separator used in the ceils was a PELLON, Nylon 6, nonwoven

material, style numfl)er2505. Each positive plate had a separate,

single thickness bag which was heat sealed on two edges with the fold

along the bottom of the positive plate. The "as received" material is

double water washed by the material manufacturer. No surfactants were
added to the material by _m_ral Electric.

6. Insulation Wrapper

The electrode/separator assembly was insulated from the case walls
by a film of polypropylene of 0.0050 in. (0.013 cm) nominal thickness.

7. Cell Variables

Three cell design parameters were varied, namely, concentration of

electrolyte, volume of electrolyte and amount of negative precharge

obtained by oxygen venting. No additives were added to the electrolyte.

The 6 ampere-hour cell normally supplied by General Electric would have

a 34 percent concentration of electrolyte, an 18.5 cc volume of electrolyte

and a 2.50 aJ:Ipere-hour negative precharge. These variables were:

Physical Design Parameters

4

4

i

Concentration of KOH electrolyte

Percent by weight 22.0 26.0 30.0 34.0 38.0

Volume of electrolyte, cc. 17.5 18.5 19.5 20.5 21.5

Negative precharge, ah 2.20 2.50 2.80 3.00 3.30

8. Negative to Positive Ratio

The ratio of the full negative capacity to the full positive

capacity is 1.7:l. The value is based on a measurement, per GSFC

Specification S-716-P-6 made on five production cells of the standard

design.
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9. Pressure Transducers

One hundred dnd eighty-four of the cells were equipped with 5000

ohm potentiometric pressure transducers with a range of 0 to 300 PSIA.

These transducers, r_del Z-400, were manufactured by the Edcliff Instru-

ment Company. They were attached to the cell fill tube by means of a

Swage]ok fitting. All other cells were capped off with a SwageIok
fitting. The transducers and fittings were made from 304 or 316 stainless

steel. All fitting assemblies were helium leak-checked before being

installed on the cells and a final leak check was performed after assembly

on the ceils. Maxi,_um leak rates were !0-7 Std. cc/sec. Figure IV-2
shows a celt with and one without a transducer.

]0. Period of Manufacturer

The ceils were fabricated by the manufacturer in three plate lots
from 1973 to I_74, under contract with NASA/GSFC. The cell lot numbers

assigned designates a particular negative and positive plate lot com-
bination as follows.

Plate Lot Number

Negative Positive

Ce Il Lot 1 147 089

5eli Lot 2 197 146

Cell Lot 4 201 156

FIGURE IV-2 The cell on the left is fitted with a pressure transducer;

the cell on the right is capped with a swagelok fitting.
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Table IV-8 lists the month and year that the cell fomatton test was run.

TACLE IV-8 CELL ACTIVATION DATE

T ........... i_-- CELL CELL CELL CELL

PACK S/N-L DATE PACK S/N-L DATE PACK S/N-L DATE i PACK S/H-L DATE

1N 054-4 10/74
055-4 10/74

070-4 10/74
138-2 8174

072-4 10/74
2N a!1 2 8/14

3N all 4 10174
4N all 2 8/74

5N 411 2 8174

6N 411 4 10/74

7N 411 2 8174

8N 411 4 11/74
i)N 411 4 11174

ION 030-2 6174
034-2 8174

003-2 6174
004-2 6/74

005-2 6174

llN 001-4 10174
0(0-4 10/74

0?2-4 11/74
018-4 10/74

0Z0-4 10/74
12N 411 2 8/74

13N 035-2 _/74

036-2 8174

006-2 6/74

007-2 6174

GNU-2 6/74
14N 021-4 !0/74

026-4 i0/74

l/O-4 II/74

l/l-4 II/74

I12-4 II/74

15N all ? _/74

16N 0n4-4 10/74

0_5-4 I_174

r)24-4 10/74

_27-4 11/74
02:,-4 11/74

17N all 4 11174

IBN all 2 8174

19N all 4 10/74

20N all 2 8174

21N all 2 8/74

22/I all 4 11/74
23N 411 2 8174

24_ all 4 10174

25N 411 4 10/74
26N all 2 8/74

27N all 4 11174

2m all 2 6174
29N 411 2 8,/74

411 4 10174
31N 037-2 8174

038-2 8/74

OO9-2 5174

010-2 6/74
011-2 6174

3221 089-4 11/74

049-4 10/74
118-4 1t/74

117-4 11/74
116-4 11/74

33/I all 2 8/74
34N all 2 11/74

3511 411 Z 8/74

36N all 4 10/74
37N a11 4 11/74

38/¢ 411 2 8174

39N 066-4 10/74

067-4 10/74
085-4 10/74

086-4 10/74

131-2 8/74
n_N all 2 8/74

41N all 2 8174

42N all 4 10174

43N 031-2 6174
039-2 _/74
012-2 6/74

013-2 6/74

014-2 6/74

44N all 4 I1/74

45N all 4 10174

46N all 2 8/74
47N all 4 11174

48N 044- 2 8/74

053-4 10174
015-2 6/74
016-2 6174

017-2 6/74

49N all 2 8174

50N 0m68-4 10/74
069-4 ln/74

132-2 8/74
123-2 8/74
t34-2 8/74

5111 411 2 8/74

411 4 11174
5311 058-4 10/74

0_l-4 10/74

1_'_-2 8/74

136-2 8/74

137-2 8/74
54/I 111 2 8/74

SSN 411 4 11174
56N 411 2 8/74

57N 042-2 8/74

043-2 8/74
018-2 6/74

019-2 6174

02O- 2 6/74
58N all 4 11/74

59N a 11 2 8/74
6ON all 4 10/7,'
61N all 4 11/74

62N 041-2 8174

(_21-2 6/74

022-2 6/74

023-2 6/74

024- 2 6/74

all -- Denotes all cells.

L!_ -- Denotes uncycled cells.

63N 017-4 I_/7a

_3-_ 10174

046-4 I0/74

047-4 11174

n48-4 I0/74

64N al I 2 R/74

65N al I 1 4173

fWBN 411 1 _/73

67N ali 1 _/73
all 1 a/73

69ft all 1 A/73

7011 411 1 4/73
71N all 1 4/73

CELL-

PACK S/N-L DATE i

4
UN 007-1 2/73 :

UPI 019-1 217t

UH 033-1 2173
UN Oa7-1 2173

UN 062-I 2/73

UN 038-I 2/73

UN 067-1 2173

UN 001-I 2/73

UN 013-I 2173

UN 029-1 2173

UN 230-1 4173
LR_ 0545-1 2/73
UN 213-2 _/73

7211 411 1 _/73 UN
7211 411 1 4/73 _ UN

748 411 1 4/73 I UN
7511 all 1 2/73 Ull

7611 all 1 4/73 _ IJ¢
7711 all 1 2/73 i Lgl

all 1 2/73 I_1

ill 1 2173 UN
BOIl 411 1 2/73 UN

81R all 1 4_73 UN
821N all 1 12174 UII

83N all 1 2173 U_
8WIN all 1 2173 UN

85N all 1 2/73 Ut;
86N 411 1 2/73 UN

87N 411 1 4173 Urt
Rgr¢ 411 1 4/73

90N all 1 4173
91N all 1 2173
?2N 411 1 P/73

93N 411 1 2/73

94N all 1 2/73

_rl 222-I _/73
226-I 4/73

227-I _/73
297-I 12/7_

130-2 8/7 ,q

129-2 8174

181-2 R174

182-2 R174

066-2 8/7_

¢Jtml7-2 R/74

139- 2 R/74
025..2 5174

026-2 6/74
103-4 11174

l_-At 12/74

052-._ 10/7e
051-a 10/74

071-_ In/74

iF4-a 11174

165-a 1117_

IV-ll



C. ELECTRICAL TEST]NG

WOEC/C 79-145

The manufacturer performed three formation cycles and subjected
each cell to a negative precharge adjustment cycle and acceptance
capacity test prior to delivery.

On receipt at NAVWPNSUPPCEN Crane, the cells were visually inspect-

ed, weighed and measured then assembled into packs of three, five or

eight cells as specified by the test design. Cells in position l and 2

of the factorial packs and 1, 2 and 3 of the star point, center point

and normal packs were equipped with pressure transducers. Cells

designated for scheduled removal were assigned position numbers 6, 7

and 8. Packs to be performance cycled were subjected to baseline tests.

At the completion of the baseline test the packs were life cycled to

failure in accordance with the parameters of the test matrix. Packs

designated for controlled storage were stored at the specified temp-

erature when its corresponding pack began life cycling. When a cell

reached a scheduled removal p_int, the cell was removed from the cycling

pack, subjected to a series of post cycling tests and stored until
chemical and physical analyses were performed. When a cell failed,
the cell was removed from the pack and stored at the mtrix temp-
erature until all cells of the pack failed. When all cells failed,
the pack was subjected to a series of post cycling tests and then stored
until chemical and physical analyses were perfomed. The elapsed time
bet_men removal from test and post cycle testing and between post cycle
testing and analyses varied from a few weeks to a few months.

I. Manufacturer's Tests

Each cell received three formation cycles, negative precharge

adjustment cycle and acceptance tests, as shown in Figure IV-3. The

data from these tests were supplied to the Government for review and

analysis to determine if any correlation existed between the manufacturer's

tests and the cycle life of a cell. Analysis of this data is contained

in section VI. A detailed procedure of the manufacturer's tests can
be found in reference 7.

IV-12
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FIGURE IV-3 MANUFACTURER'S TESTS

In accordance

with General

Electric Test

Specification

P24B-PB-238

I I 3 Formation Cyclesl

In accordance
with General

Electric Test

Specification
P24A-PB-150

Capacity Test @ 2Z°C l

i
_paci ty and

OVEROI_GE TEST
@O*C

I Charge Retention I

I INTERNAL RESISTANCE I

[,_ T_ST[
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2. Pack Construction

Each cell was coated with thermal grease and mounted between two 0.25
in. thick aluminum restraining plates which have a surface area four
times that of the cell for heat transfer. A thermister was placed against
the broad face of each cell through a hole drilled in the center of one
restrainer plate. The cells were series connected and assembled into a
pack on a plexiglass base. Each cell of the pack was separated from its

neighboring cell by a I inch air space so that ambient air could circulate

around the cells. The pack construction is shown in Figure IV-4.

FIGURE IV-4 SAMPLE PACK ASSEMBLY

3. Baseline Tests

A flow chart of the baseline tests performed is shown ix Figure IV-5

and the test procedure used is contained in Appendix A. The baseline
tests were performed on each pack in order to obtain information as to

the initial performance of the cells.
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FIGURE IV-S BASELINE TESTS

CAPACITY

DISCHARGE

20° C

CHARGE I

EFFICIENCY I
20° C i

INTERNAL

SHORT

LEAK

TEST

i" CAPACITY I

_m----j @ MATRIX i

LTEMPERATURE]
CAPACITY I

@ MAXTRIX RATE +

TEMPERATURE

4. Cycling Test

Upon completion of the baseline tests the packs were cycled to
failure or removal at the test parameters specified in Figure IV-I

and Table IV-2. Control and monitoring of the packs was performed utilizing

the facilities described in Appendix B. A cell in a pack was considered

to have failed when it would meet one of the following conditions:

Cell voltage during discharge reached 0.00 volts.

The pressure on cells having pressure transducers reached 250 psia.
When all cells of a pack equipped with a pressure transducer failed,
all remaining unfailed cells of that pack would be discontinued
from cycling tests as a safety precaution.

Cycling tests began on the star point, center point and normal

packs in September 1974, The fractional factorial packs were added from

December 1974 to January 1977.

The working group became concerned when numerous pressure failures

occurred early in life in the star point packs. From engineering judge-

ment, it was determined that t,ese pressure failures were not indicators

of the true life of cells and that this high number could cast doubt on

the successful outcome of the test. Thus the pressure failure criteria

for the fractional factorial packs was changed to: when the last cell

of a pack equipped with a pressure transducer failed, this failure cycle

would be noted and cycling of this cell and all remaining cells would

continue until the cell equipped with a pressure transducer failed by
another mode.

IV-15
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Unforseen problems of system malfunctions and human error, occurred

during the 4 years of testing that had an impact on the results. These

problems were dealt with at the time they occurred and, where possible,

the impact on the cycling of the pack(s) concerned has been evaluated.

A Pack Performance Summary (Reference 3) was prepared that gives a

detailed summary of the life cycling of each pack. Apperdix D provides

an abbreviated pack summary containing significant info_-mation about the
failure of a cell and anomalies that occurred.

The following paragraphs summarize the types of anomalies which

occurred during electrical testing.

Pack 88N was discontinued from temperature storage at 60 ° C after 6

weeks because a11 cells in its corresponding pack (66N) failed after 13

cycles.

Pack 82 N (this pack had parameters identical to 81N and was to be

used to determine the pack-to-pack variation) failed pren_turely when the

test equipment malfu,,ctioned causing the cells to reverse and finally

short. A pack (designated as g_N) containing four cells, three cells

from pack BBN and one uncycled cells having design variables identical
to pack 81N was placed on test as a replacement for pack 82N.

Wrong test conditions. A programming error resulted in pack ?ON

being tested at 40% IX)l) and 140% Recharge instead of 80% 900 and 200%
Recharge.

Pack 36N was inadvertently tested at a t4_ature of 30° C instead

of 50° C. To cc_mpensate for this error pack 24N's temperature parameter

was switched from 30° C to 50° C. The change in pack 24N's te_rature

parameter, was later found to be an error in judg_nt as it did not

compensate for pack 36N but created a greater imbalance in the factorial

matrix when statistical analysis was performed.

Hardware Malfunctions. During the electrical cycling tests various

conditions interrupted cycling. Procedures were established to handle

these interruptions as follows:

a. Power Outages. In the event of a power outage the Automatic

Data Acquisition and Control System (ADACS) placed the packs on open-

circuit stand. When power was restored, cycling resumed at the point of
power interruption.

b. Temperature Control. Packs were tested in environmental
test chambers. Instances occured in which the chamber control

malfunctioned allowing packs to cycle above or below the test temperature.
When such a malfunction occurred the test chamber was shutdown and

repaired, and cycling continued.

c. Test Unit Malfunction. Each pack cycled using its own

individual test control unit. If the unit malfunctioned, the pack could

be overdischarged or overcharged which may have induced a premature
cell failure.

IV-16
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d. Current Drift. The packs were charged and discharged by

censtant current means. The test parameters varied slightly when the

power supply would drift from the setpoint. When personnel observed

a wrong current they would manually correct the power supply.

5. Cycling Test Results

Factorial Pack 5N and Center Point Pack 96N are still cycling with

2 and 3 cell failures respectively. Normal test Packs 83N, 84N, 85N,

and 86N ar_ still cycling with one failure each in Packs 83N and 86N.

Table IV-9 summarizes the cycling test data. The first five columns
contain cell identification information as follow:

Pack - Pack number identifies the test parameters of Figure IV-I
and Table IV-2 at which the Pack was tested.

Cell - Cell's position within a pack. Cells 1 and 2 of the

factorials; Cells 1, 2 and 3 of the star, center and normal

packs had pressure tranducers fitted to them. Cells 6, 7

and 8 were designated for removal from test at a specified

cycle.

Group - Cell's physical design group (Concentration of Electrolyte,

Precharge All, and Amount Electrolyte) to which the cell

belonged.

Serial - Cell's identifying serial number.

Lot - The manufacturers designated cell iot. The combination

of a serial number and lot number identify each individual
cell.

The "Fail Mode" column contains a sy_ol (or symbols) indicating why a
cell was removed from tests:

S - Cell shorted during testing. A short was defined as no voltage

on charge or discharge.

L - Low voltage failure. A low voltage failure was one in which

the cell reached 0.0 volts during discharge.

P - Pressure Failure. A cell fitted with a pressure transducer

fails when pressure exceeds 250 psia.

A - Safety Removal. A cell not fitted with a pressure transducer

that did not fail, but was removed from testing as a precaution

when all cells of the pack equipped with a pressure transducer
failed.

- Scheduled Removal. Cells were designated prior to the start of

test to be removed on a specified cycle. These cells are

identified by position number 6, 7 and 8.
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D. DATA MANAGEMENT

WQEC/C 79-145

The collection, management and reduction of the data on 95 packs

(546 cells) has been a major task since the beginning. During cycling

tests, the Automatic Data Acquisition and Control System (ADACS) described

in Appendix B was programmed to record data on magnetic tape (at 36 second

intervals) for every cycle of each pack during the early part of life.

Thereafter, only beginning and end of charge and discharge of each cycle

were recorded. In December 1977, this was changed to: record three full

cycles (at 36 second intervals) at 50 cycle intervals on fractional facto-

rial packs and at lOO cycle intervals on normal conditions packs. This

provides information on the characteristic curve during life. This "raw"

data was stored, or the magnetic tape, in chronological order. Periodi-

cally, this data was sorted and merged so that data of each pack for

that period of time would be together.

As of September Ig78, there were 683 raw data tapes generated since

June 1974 and 357 periodic tapes divided into seven periods. In order to

obtain a complete record on one or more packs, the conq_uter would have

to retrieve data from 20 or more tapes. This was an expensive and time

consuming procedure. Thus, a "master" tape set was generated from the

periodic tapes by sorting and merging all data for a pack onto one or

more tapes and filed by pack number. This reduced the number of tapes

from 375 to 123. Additional files have been generated, from the master

tapes, to be used in the analysis of the data. One such file is the

Selected N Pack Data Set, which contains selected cycles throughout the

life of each pack. The selection was based on an algorithm that recorded

data on three complete successive cycles in 30 evenly-spaced periods and

the last I0 cycles prior to a cell failure for the life of each pack.

This file contains four tapes. A second subset of tapes, N Pack Endpoint,
contains the beginning and end of discharge and charge for every cycle

of each pack. This data is contained on 88 tapes.

The raw data endpoints from the manufacturer's and baseline tests

were keypunched onto 80-column cards to be used in evaluating relation-

ships between this data and cycling data. The raw data fro_ the chemical

and physical analyses is keypunched on 80-column cards, sorted and stored

in a data file, inputed into a program that calculates and outputs the
results of the t_t.

A Correlation Data File was prepared and contains 72 variables

measured for each cell, along with cell-identification information, test

matrix parameters, and cycles at which the cell end of discharge voltage

was l.l, l.O, 0.5 and 0.0 volts, lhe first 24 of the 72 variables are

the results of the chemical and physical analyses; variables 25 through

48 are endpoint data from the manufacturer's tests and variables 49 to

72 are the endpoint data of the basetime tests performed at NAVWPNSUPPCEN

Crane. This data file has been used in determining whether correlations
exist between the variables or with life.
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Several computer programs were written and are used to sort and
merge the raw data into various data files and to determine the chemical

and physical test results. Where possible, existing programs have been

used to analyze the results. The Statistical Package for Social Studies

was used in performing the analysis of variance, stepwise multiplelinear

regression, and for obtaining correlations between two variables.
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SECTION V

CHEMICAL AND PHYSICAL ANALYSES: TESTING AND RESULTS

One hundred fifty-seven cells were subjected to the chem-

ical and physical analysis shown in Figure V-I. Seventy addi-

tionel cells have received electrolyte and physical analysis

only. Components of these cells have been stored so that the

analysis may be completed in the future, if required funding
is available. General trends that were observed are:

Positive plates thickness is expanding.

Negative plates show a decrease in capacity, probably

due to cadmium hydroxide migration into the separator.

The negative charged active material increases.

Cadmium hydroxide migration into the separator is

affecting the results of the separator patch tests,
therefore, these results are to be accepted on a qual-
itative basis only.

The gas analysis results are to be accepted on a qual-
itative basis, because of the elapsed time between
removal from test and gas sampling.

These results provide information on the characteristics of

failure, ceil degradation and the effect of test parameters on

the cells. This section presents a discussion of the analyses

performed, changes in the schedule for analyses and the results
of analyses.

A. ANALYSES PLANS AND MODIFICATIONS

The initial test plan called for chemical and physical analyses to

be performed in accordance with Figure V-l on 532 of the 546 total ceils

of the test program; 14 uncycled cells were to be stored at room ambient

temperature for future - _erence. Analyses was well underway when it
became apparent thaL the time required to complete the tests as defined

would exceed the anticipated program completion date and the cost would

exceed the available funding. Table V-I presents a breakdown of the

planned and actual testing performed, when the schedule was revised to:

V-l
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FIGURE V-I CHEMICAL AND PHYSICAL TESTS

VISUAL-MECHANICAL I

INSPECTION, DIMENSIONS, I

WELDS, SEALS, WEIGHT I

]

02" i2' .N2

I CUT OPEN CELL IN2 ATMOSPHERE

SEP$,RATOR PATCH TEST

OH', CO3=, ABSORPTION.
VOLUME, WEIGH'r

[

I ELECTROLYTE EXTRACT l
/dIALYSIS OH', C03 = J

j SOXHLET EXTRACTION JOF STACK

[vAcuUMDRySTACKi

1
i oIs,ssE_LEsT,c_I

]

ELECTROCHEMI CAL

ANAL YS IS

POSITIVE & NEGATIVE

PLATES

PHYSICAL ANALYSIS

POSITIVE & NEGATIVE

PLATES

A. WEIGHT

B. THICKNESS

l
VISUAL INSPECTION

INTER31AL CAN AND SEALS

SECTION SEALS (SAMPLE)

1

CHEMIAL ANALYSIS I
FOSITIVE & NEGATIVE

PLATES
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Complete the analyses on all cells already in progress.

Suspend chemical analysis of positive plates. Review of the data
indicated consistant results between the chemical and electrochemical

analysis and duplication of tests did not warrent the cost of performing
both tests. The electrochemical test would be run and the chemical

analysis would be performed only if the electrochemical results indicated

a change in tne positive plate characteristics. All test plates would

be retained so that the test could be run in the future, if desired.

Analyse two cells from each star point pack of those remaining.

Analyze one cell from each pack of those scheduled for removal from
normal conditions.

Analyze one average cell and any early-failure cells from the

fractional factorial points of the test plan.

This revision considerably changed the number of cells that were to

be analyzed, but further changes were required. The separator patch test,

chemical, electrochemical and gas analysis were deleted from the test

plan for fractional factorial cells. The plates used to perform the

chemical and electrochemical analysis were stored and can be run at a
future date if deemed necessary.

TABLE V-! CHEMICAL AND PHYSICAL ANALYSIS SCHEDULE

PLANNED ACTUAL

TOTAL I SCHEDULE

_0. OF] REMOVALS

CELLS i

Star Point Packs 128

Center Point Packs 13

Factorial Packs 320

Normal Packs 32

Uncycled Cells 16

Controlled Storage_ L __3

CYCLE

FAILURES

48

3

0

12

23

8O

lO

320

2O

* Electrolyte and Physical Analysis only

** Packs still cycling

*** One cell from each design variable group

TOTAL SCHEDULED

NO. OF REMOVALS

CELLS

lIB 45

t 3

4** I -;
16-** I __

CYCLE

FAILURES

I

73

5

70

t

_.J

I
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The procedures used in the performance of the chemical and physical

testing are:

I. NASA/GSFC Document X-761-73-314 October 1973 "Procedure for Analysis
of Nickel-Cadmium Cell Materials."

2. NASA/GSFC Document X-711-74-279 October 1974 "Procedure for

Analysis of Nickel-Cadmium Materials".

3. NASA/GSFC Document X-711-75-31/ December 1975 "Automated Calori-

metric of Nickel-Cadmium Cells I. Electrolyte II. Positive plates".

A brief description of the test procedure is given in the following

paragraphs.

C. TESTING AND RESULTS

I

_v

e

1. Gas Analysis

Prior to opening the cell for failure analysis, a smple of gas
from the ce11 was obtained and analyzed with a gas chromatograph to
determine percentages of hydrogen, oxygen and nitrogen. Quantitative
results are inconclusive as the analysis in most cases was not performed
immediately after removal fn_m test as the cell was allowed to "set" in

a shorted condition for several weeks or mnths before being gas sampled.
This setting time permitted the gas to recline in the cell. For this

reason and also consideration of funding and time, the gas samling was

discontinued in June Ig78, it is recommended on future tests requiring

gas andlysis, a means be provided to obtain a gas sample without puncturing
the case. Results of the gas analyses are shown in Table V-2.

2. Fhysical Plate Measurements

The physical characteristics (weight and thickness) of each plate

in the cell were measured after extraction and vacuum drying. The

individual plate thickness was determined by measuring the thickness in

three locations (near the top, middle and bottom) of each plate. The

average weight and thickness of the plates in the cell are shown in

Table V-2. Analysis of the data indicated some variation in the physical

characteristics of the plates within a cell and raised several questions:
Does a variation exist between lots? Is there a variation in thickness

between the top of the plate and the bottom? Were the plates ordered by

physical characteristics? Does the positive plate become thicker with

life? These questions were investigated and the results are discussed

in Section VI. In accordance with the test procedures, each olate was

identified for a particular analysis as shown in Table V-3.
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SUMMARYOF CHEMICAL AND PHYSICAL ANALYSIS

NOMENCLATURE FOR

TABLE V-2 PLATE ANALYSIS

m IDENTIFICATION

Pack No. - Identifies th( test parameters of Figure IV-I and Table IV-l.

Cell ID - Cell identification data:

S/N - serial number

L - Lot

GRP - design group

POS - positiom in pack

Removal Cycle - Cycle at which the cell wms removed from test.

GAS SAMPLING - RESULTS OF THE GAS _SJMqPLII_:

H2 - Percentage Hydrogen

02 - Percentage Ox_

N2 - Perce_.t Nitrogen

CHEMICAL - CHENICAL ANALYSIS OF PLATES

Cadmium - Negative plate a_lysis.

CD(OH)2 - Cadmium Hydroxide, calculated discharted active material
in grams (G) and con.erted to equivalent ampere-hours (AH).

CD - Cadmium, calculated charged active material as grams (G_ of

Cd(OH) 2 and converted to equivalent ampere-hours (AH).

Nickel - Positive plate analysis.

NI(OH)2 - Nickel-hydroxide, calculate discharged active materia] in
grams (G) and converted to equivalent ampere-hours (AH).

NI - t4etallic nickel, calculated metallic nickel in grams (G).

m
ELECTROCHEMICAL - RESULTS OF ELECTROCHEMICAL TESTING

Capacity - Capacity in ampere-tmurs of the negative (NEG) and positive

(POS) plate.

D

Residual - Charged capacity of negative (NEG) plates at start of test.

Utilization Percentage - Electrochemical capacity divided by the chemical

capacity times lO0.

D
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TABLE V-3 IDENTIFICATION OF CELL PLATES AND TEST PERFORMED

*POSITION IN CELL

3
Q_

5

7

9

II

_Q

13

15

II

19

21

_m

4

6

8

lO

12
m_

14

16
_o

18

20

ANALYSIS PERFORMED

None

Chemical Analysis of Active Material - Positive

Chemical Analysis of Active Material - Negative
None

None

Electrochemical Test - Positive

Electrochemical Test - Negative

Chemical Analysis of Active _terial - Positive

Chemical Analysis of Active Material - Negative
Electrochemical Test - Positive

Electrochemical Test - Negative

Chemical Analysis of Active _terial - Positive

Chemical Analysis of Active Material - Negative
None

No_

Electrochemical T_t ° Positive

Electrochemical Test -Negative
None

None

_ne

None

*Designation of position in cell: With the negative terminal

on the left, plates are numnbered according to their position
in the cell starting from the front.

3. Chemical Analysis of Positive and Negative Plates

Chemical analysis was performed on three negative plates and three

positive plates from a discharged cell, opened in an inert atmosphere to

determine the amount of active material present. The negative plate was

analyzed for cadmium hydroxide (Cd(OH)2), recognized as discharged active
material and cadmium metal (Cd) recognized as the undischarged active

material. The positive plate is analyzed by determining the amount of

charged active material (NiOOH), then determining the total active

material. The discharged active material (Ni(OH)?) is determined by
subtraction. After analyzing several positive plates it was found that

the results were negligible for the charged material and the analysis to
determine the charged material was discontinued. Verification that the

plate was in a discharged state was determined during the electrochemical

testing. Table V-2 presents a summary of the chemical analysis performed

on the test plate. Each value shown in Table V-2 is an average of 12
samples obtained as follows:

Three plates per test X two slugs per plate X two samples per slug.

The chemical cell capacity was determined by multiplying the plate

capacities of Table V-2 by the number of plates in the cell (11 Negative,
lO Positive). These results are presented in Table V-4.

V-13
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Chemical analysis of the negative plates showed that the cell
capacity, calculated from the total cadmiummaterial present, ranged
from 15 to 17 ampere-hours for cycled cells and 16 to 18 ampere-hours
for uncycled cells. Thus, the cycled cells showed a loss in cadmium of
approximately 1.0 ampere-hour as compared to the uncycled cells. Another
observation was that the amount of charged cadmium increased with life.

Chemical analysis of cycled positive plates typically ranged in

capacity from 1.0 to l.l ampere-hours per plate, the cell capacity was

determined to be no to 11 ampere-hours. The uncycled plates ranged in

capacity from .9 to 1.0 ampere-hours per plate, the cell capacity was

9.0 to lOoO ampere-hours. Thus, the cycled cells appear to have increased
in active material.

4. Electrochemical Analysis

After extraction and vacuum drying, three negative and th}'ee positive

plates, from each cell were subjected to a flooded plate capacity test

to determine the electrochemical capacity of the plate and cell.

The el_tr_h_ical capacity of each positive and negative plate

was measured by subjecting the plates to charge and discharge cycles

using opposing electr(_les of cadmium and nickel, respectively. The

following procedure was used:

1. Asse_le a test cell, using the test plate and an appropriate
opposing electrode. Flood the container with 31% KOH. (Wrap negative
test plates in RAI gas barrier material.)

2. Discharge the test plate at a C/2 rate to 0.5 volt.

3. Baseline Test

a. Charge at a C/I0 rate for 20 hours on positive test plates

and 40 hours for negative test plates.

b. Discharge at a C/2 rate to 0.5 volt.

4. Steady State Test.

a. Charge at a C/3.33 rate for a 200% recharge based on the

positive test plate capacity of the baseline discharge for positive test

plates and a 400_ recharge for negative test plates based on the Baseline

discharge capacity of the positive test plate.

b. Discharge at a rate of C/2 to 0.5 volts.

c. Repeat steps a. and b. twice. Use the third steady stat_ dis-

charge to determine the electrochemical capacity.

Table V-2 shows the results averaged for the three plates of each

ce11. The capacity in each case was determined by multiplying the

dischar3e current (C/2) by the time on discharge to reach 0.5 volts.

Table V-2 also shows the utilization percentage of electrochemical-to-

chemical plate capacity for negative and positive plates. Table V-4

V-14
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shows the cell capacity and negative/positive ratio. The negative and
positive capacities were determined by multiplying the average plate
capacity by the respective number of plates. The positive plates had an
electrochemical capacity of .7 to .85 ampere-hour for uncycled cells and
.7 to .9 ampere-hour for cycled cells. The utilization of positive
electrochemical capacity to chemical capacity was 70 to 85%. The amount
of residual charged active material of the pG_itive plate was measured

to be zero in all cases. The range of data for the negative plates was

.8 to 1.0 ampere-hour for cycled plates and l to 1.2 ampere-hours for

uncycled plates -- a typical difference in capacity of .2 ampere-hours.

The utilization of negative electrochemical capacity averaged about 60%.

As in the chemical tests, this test revealed that the negative precharge
increased with life.

5. Electrolyte Composition Analy.sis

The weight and composition of the electrolyte in the cell was

determined by extracting the cell in a soxhlet extractor and analyzing

the extract by acid titration. The following data was obtained from
this test and is used in Table V-5.

The weight of electrolyte in the cell was obtained by subtracting

the weight of the cell core, after extraction and vacuum drying, from

the weight of the cell core before extraction. This value is reported
in Table V-5 as ELECTROLYTE I_-WO.

The cell extract was analyzed to determine the amount of potassium

hydroxide (KOH) and potassium carbonate (K2603) by acid titration of

the OH- and C03 =, respectively.

The weight percent concentration (CONC) of KOH in the cell was

calculated by dividing the weight of KOH by the weight of electrolyte in
the cell.

The volume of electrolyte in the cell was calculated by dividing

the weight of electrolyte in the cell by the specific gravity of KOH.

6. Separator Patch Test

Prior to extraction, three sample patches of cell separator were
removed and soaked in 50 ml of deionized water for 24 to 36 hours. The

wet weight and dry weight of the sample patches was determined. The

solution was analyzed by acid titration to determine the concentration

of OH- and C03 = in the separator. This procedure worked well for new

cells or cells with very few cycles but, on cells aged by cycling problems

were encountered. The separator in an aged cell was usually very dete-

riorated, contained heavy cadmium migration, adhered to the negative

plate and had to be removed from the plate by scraping with a scalpel.

In many cases the separator was in such a condition that it was impossible
to obtain an adequate sawJ_plefor calculations to be performed. In

addition, some of the analysis performed resulted in erroneous values of

V-15
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KOtl. These erroneous values were believed to be due to the presence of

Cd(OH)2 retained in the separator. During titration the Cd(OH) 2 inter-
fered with neutralization of the hydroxide. Attempts to solve the
problem by simply decanting or filtering the solution prior to per-
forming the acid titration were unsuccessful. It was shown on several
samples that reasonable data could be obtained by usinq a procedure of
decanting, adding Barium-EDTA and ticrating by hand.( l} However this
procedure resulted in additional time and costs and the patch test
was deleted.

The data presented in Table V-5 are the r_ults obtained using
standard acid titration. The amount of error due to cadmium inter-

fe_ence that may have been induced in the separator results could
not be determined, thus the results shown should be considered

qualitative.

NOTE (I) This procedure was developed fr_ NASA Technical Note TN

D-8007, June 1975 and is contained in reference (3).
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SUMMARY OF CHEMICAL AND PHYSICAL ANALYSIS

NOMENCLATURE FOR

TABLE V-4 PLATE DIMENSIONS AND CELL CAPACITY

IDENTIFICATION

Pack No. - Identifies the test parameters of Figure IV-I and Table IV-l.

Cell ID - Cell identification data:

SIN - serial number
L - Lot

GRP - design group

POS - position in pack

Removal Cycle - Cycle at which the cell was removed from test.

PLATE DIMENSION - Average physical dimension (weight and thickness) of

plates in the cell.

CHENICAL-CELL-CAPACITY - Calculated by multiplying the average plate

analysis results of Table V-2 by II for negative

plate and ]0 for positive plate. The TOTAL NEG

capacity is the sumution of the charged and

discharged active material.

ELECTROCHEMICAL CELL CAPACITY - Calculated by multiplying the average plate

analysis results of Table V-2 by 11 for
negative plates and 10 for positive plates.
The values are total capacity.

NEG/POS RATIC - Electrochemical ratio of negative cell capacity to positive

cell capacity.
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SUMMARY OF CHEMICAL AND PHYSICAL ANALYSIS

NOMENCLATURE FOR

TABLE V-5 ELECTROLYTE-SEPARATOR-ANALYSIS

IDENTIFICATION

Pack No. - Identifies the test parameters of Figure IV-I and Table IY-l.

Cell ID - Cell identification data:

S/N - serial number
L - Lot

GRP - design group

POS - position in pack

Removal Cycle - Cycle at which the cell was removed from test.

ELECTROLYTE WW-WD - Wet weight of cell core before extraction minus the

dry weight of cell case after extraction.

CELL EXTRACT ANALYSIS

KOH - Potassium hydroxide, determined by acid titration to
neutralize OH-.

K2C03 = - Potassium carbonate, detemined by acid titration to

neutralize C03 = .

CELL KOH:

CONC - Concentration by weight percent of potassium hydroxide

in the cell KOH(G) divided by (WW-WD).

AMOUNT - Volume (cubic centimeters) of electrolyte in the cell.

(WW-WD) divided by specific gravity of KOH.

SEPARATOR PATCH TEST:

KOH - Amount of potassium hydroxide (in grams) in separator as

determined by acid titration to neutralize OH'.

K2CO 3 - Amount of potassium carbonate (in grams) in separator as

determined by acid titration to neutralize C03 =.

ELECTROLYIE RENTENTIONS

(G)E/(G)SEP - Weight (grams) of electrolyte in the separator

divided by the weight (grams) of separator.

(G)/(CC) - Weight (grams) of electrolyte in the separator divided

by the volume of the separator patch.

V-25
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SECTION Vl

DATA ANALYSIS

The main objective of the Accelerated Test Program
was to produce cell failures under stressful conditions
and to relate these failures to failures under normal

space flight conditions. To achieve this goal nickel-
cadmium spacecraft cells were tested. The majority of
the cells were cycled until failure under stress levels
of the following test parameters: depth of di-charge,
temperature, charge rate, discharge rate and "cent re-
charge. The remainder of the cells were either cycled
for a specified length of time (scheduled removals) or
were stored at a specified temPerature storage condition.
At the conclusion of the cycling tests, many of the cells
were torn down for chemical and physical analysis. In
Section VI.A the statistical analyses of the cycling data
is presented. The analyses of the chemical and physical
data is presented in Section VI.B.

There are four broad areas of concer, in the analyses
of the Accelerated Test Program data. First, which test
conditions are effective in accelerating (t .e., shortening)
the life of a cell? Are there any combinations of stresses
which are particularly detrimental to the life of the cell?

Is there a quantitative measure of the df_t on the cycle

life of a cell of incTHsi_ the stress level of a partic-
ular test parameter? These concerns are addressed in Section
VI.A.1 and VI.A.2 as part of the discussion of the results
of an Analysis of Variance performed on the cycling data and
in the Pack Average Summaries.

The second area of concern is the ability to use the
results of the accelerated test cycling data to predict the
time to failure of cells tested under normal stress condi-

tions. Towards this end, a set of mathematical equations
describing the relationship between the cycle life of a
cell and the stress levels of the test parameters is devel-
oped. These equations are then used to predict the average
cycle life of a cell tested under normal or near normal
test conditions. Since the Accelerated Test Program in-
cludes four cell packs which are still cycling at normal
test conditions, only preliminary j_adgments can be made
on the prediction techniques. A discussion of the mathe-
matical equations and the prediction technique is found
in Section VI.A.3 and VI.A.4 under Multiple Linear Regres-
sion and Non-Linear Regression.
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The third area of concern is the problem of fi,_ding
a perfomance characteristic which can be measured after
a minimum of cycling time and can be used to distinguish
the cells having long cycle lives from the cells having

short cycle lives under the same test conditions. Early

in the program, attempts were made to evaluate several

proposed prediction techniques. These techniques (TiBAR,

Hysteresis Loop and Charge/Discharge Curve Fitting) were

unsuccessful in discerning the individual cell character-

istics. This was due, in part, t_ an insufficient amount

of data and the manner in whic_ the techniques were applied.

The results of these analyses are presented in Section

VI.A.5 - VI.A.6 under the names of the various techniques.

The fourth area of concern is the effect that the

stress conditions have on the cell. Do the stress con-

ditions cause physical and chemical changes within the
cell which can be related to the level of the stress con-

dition? To what extent, are the stress conditions caus-

ing alternate failure mechanisms? These questions are
central to the concept of accelerated life testing? This

part of the analyses of the accelerated test data is in-

complete. Preliminary work is referenced and summarized
in Section VI.B.

A. ANALYSIS OF COMPOSITE DESIG¢I

I. Analysis of Variance

Analysis of variance is a statistical procedure used to test the

results of a properly designed experiment to determine if the differences

observed in the results are due to the effects of test parameters or to

random variation of the test samples. For example, are the cycle life

differences observed between the cells cycled at high and low temper-

atures due to the effect of temperature as a stress condition or due

to random fluctuation in the test data. In this analysis main effects

and two-way interactions were tested. A significant main effect means

that the measured response is caused by the different values of the

test parameter with a set probability (significance level) of being
wrong (for example 5_). When declaring an effect significant, the

significance level is the probability that the observed difference was

simply caused by random sampling error. A two-way interaction between

two parameters exists when the effect of the first parameter depenQs on

the level of the second parameter. Several analysis of variance tests

were performp.d on the factorial data of the test design, thus, enabling

the selection of the "best" composite set of significant factors that

determines the life of the cells. Four failure definitions, response

variables, were used: cycles to 0.0 volts, hours to 0.0 volts, cycles

to 1.0 volts, and hours to l.O volts. In determining the composite set,

a factor that was significant as an interaction was also included as a

main effect. This was the case for the variables precharge ampere-hours
and concentration of electrolyte.

VI-2
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The results of four ANOV_ are summarized in Table VI-I. ihe

variables and variable combinations listed in Table VI-I are those fact.,.

which had a significant effect (significance level .05) on the cycle lif_

of a cell. For example, DOD appears on the cycles to 0.0 Volts list.

This means that the average cycle life (Cycles to 0.0 Volts) of cells

cycling at the low level of depth of discharge (40%) differed signifi-

cantly from the average cycle life of cells cycling at the high level
of depth of discharge (80%). As another example, notice that T x DOD

appears on the Cycles to 0.0 Volts list. This means that the difference

in the average cycle life of cells cycled at high and low DOD depends oa

the temperature at which the cells were cycles.

TABLE VI-I "BEST" COMPOSITE SET OF SIGNIFICANT FACTORS

CYCLES TO

0.0 Volts

T
DOD
CR
DR
CHG

PC
TXDOD

TXCR

OOO X CR

DOD X DR

DOD X CHG

CR X DR

DR X CHG

CHG X PC

HOURS TO

0.0 Volts

T
DOD
CR
OR
CHG

PKOH
PC

TXDOD
T XCR

DOD X CR
DOD X DR

CR X DR

CR X CHG

CHG X PC

CYCLES TO

1.0 Volts

T
DOD
CR
DR
CHG

PKOH
PC

TXDOD

T X PKOH
DOO XCR

CR X DR

DR X CHG
DR X PC

HOURS TO

l.O Volts

T

DOD

CR

DR

CHG

PKOfl

PC

TXDOD

TXCR

TX DR

CR X OR

DR X CHG

DR X PC

A review of Table VI-I provides a comparison of the four failure
definitions:

1. In all cases the variables temperature (T), depth-of-discharge

(DOD), charge rate (CR), discharge rate (DR), percent recharged (CHG),
and precharge (PC) were significant.

2. The variable concentration of electrolyte (PKOH) was significant
in all cases except cycles to 0.0 volts.
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3. The variable amount of electrolyte (AKOfl) was not significant i_
any case.

4. In all cases the interaction of temperature-with-depth of discharge

(T X DOD) and charge rate-with-discharge rate (CR X DR) was significant.

The following interactions were significant in three of the four

cases; temperature-with-charge rate (T X CR) except for cycles to l.O

volts, depth of discharge-with-charge rate (DOD X CR) except for hours

to l.O volts, and aischarge rate-with-percent recharged (DR X CHG) except
for hours to 0.0 volts.

Other significant interactions were:

I. For cycles to 0.0 volts; depth of discharge-with-discharge rate
(DOD X DR), depth of discharge-with-percent recharged (DOD X CHG), and

percent recharged-with-precharge (CHG X PC).

2. For hours to 0.0 volts; depth of discharge-with-discharge rate

(DOD X DR), charge rate-with-percent recharged (CR X CHG) and percent
recharged-with-precharge (CHG X PC).

3. For cycles to 1.0 volt; temperature-with-concentration of electro-

lyte (T X PKOfl) and discharge rate-with precharge (DR X PC).

4. For hours to 1.0 volts; temperature-with-discharge rate (T X DR)
and discharge rate-with-precharge (DR X PC).

Procedure Used in Analysis of Variance. The original design of
the factorial portion of the test mats-ix was a 1/4 replication of a 28

factorial, i.e., two levels of each of eight factors with 1/4 of the

combinations filled as shown in Figure VI-i. For each point in the design

there is one pack with five cells in each pack. The defining contrast is
I=ABCEH=ABDEG=CDEFGH, whcFe:

A = Temperature °C (T )

B = DOD % (DOD)

C = Charge Rate Amperes (CR )

D = Discharge Rate Amperes (DR )

E = Percent Charged % (CHG)

F = Concentration of Electrolyte % (PKOH)

G = Amount of Electrolyte cc (AKOH)

H : _recharge Ampere-hou_s (PC )

I =. ,n or Identity (by definition)

The I/4 replication is th_ mlnimum design that can be used to per-
form an analysis which will have a good test for all main effects and

all two-way interactions. Therefore, the analysis is weakened if any of

these treatment combinations are missing. For various reasons, several
treatment combinations are missing: the temperatures of Packs 36N and

24N were switched; Pack 20N was cycled with the same environmental

factnrs as Pack 9N; all cells of pack 51N failed because of hardware

VI-4
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problems; and for the combination of 80% DOD and C/2 charge rate, the

charge efficiency was too low to sustain long term cycling. Therefore,

it ,"_ questionable whether Packs lON, 14N, 25N, 2gN, _N, and 55N

shou,d be used in an ANOVA. The proper analysis for the original design

was a split plot analysis with the physical factors making up the whole

plot while the environmental factors made up the split plot. The error

term used to test the environmental factors was to be estimated by

replication of the center point. However, the loss of one of the center

point packs due to equipment failure, forced a remission of this type
analysis.

In view of these problems, the challenge was to determine what

types of analyses could be done to gain the most information from the

ANOVA. The following steps were taken:

All pressure failures and all failures caused by hardware problems

were treated as censored reldings. A censored reading is one that was

removed from test prior to reaching the failure criteria. Censored

readings were deleted for all analysis of variance. This caused unequal

replication within treatment combinations. The multi-variate analysis

of variance (ML_VA) computer program contained in Statistical Package
for Social Studies (SPSS) was used because it can handle both unequal
replication a_ missing treatment _inations.

An ANOVA was run using all data except for packs 2ON, 24N, 3_N,
and 51N. This AN0VAwas on the complete 1/4 replication of the 2B

design using the actual values for the questionable packs 4ON, 29N, 14N,
55N, 10N, and 251(.

The only treatment combinations missing for the 2C charge rate are

20N and 24N. Therefore, an ANOYA was run on the half of the design where
the charge rate is 20. This is a I/4 replication of a 27 design with

the defining contrast I = ABEH = ABDFG = DEFGH. This provided a test

for the remaining seven main effects and some of the two-way interactions.

Some of the t_-way interactions are confounded. This means that the

only test available for these interactions can declare that one or the

other or both are significant but cannot determine which one. The

following interactions are confounded AE = BH, AB = EH, and BE = AH.

For the low level of DOD (40%) there are no missing treatment combi-

nations. Therefore, an ANOVA wa; also run using the half of the design
where DOD was 40%. This is also a I/4 replication of a 27 design with

the defining contrast this time being I = ACEH = ADFG = CDEF_I and the
interactions which are confounded are AC = EH, AE = CH, CE = AH,

AF = DG, DF = AG, and AD = FG.

The last two ANOVAs were run to see if greatly different results

were obtained by including or excluding the questionable packs 4ON, 29N,
14N, 55N, ION, and 25N.

Vl-6
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All three of the above ANOV_ were performed to analyze each of the

four failure criteria and their natural logarithm. The logarithm were

used to help improve homogeneity of variances. A total of 24 ANOVAs were

performed.

The results of the above ANOVAs indicated that the error term used,

which was the within pack variation, might b_ too small for proper analysis.

This was indicated by the fact that most of the main effects and two-way

interactions were significant. This indicates that there might be a

larger pack-to-pack variation than the within pack variations. However,

no data was available to obtain a measurement of this error. An analysis

of the erFor term was performed by dividing the total sum of squares

into three groups: the sum of squares due to main effects and two-way

interactions, the sum of squares within pack, and the remainder which

was due to the higher order interactions and/or the pack-to-pack variation.

The mean square of the remainder was compared to the within pack mean

square. Since this mean square of the remainder was much larger, the

decision was made that there was a pack-to-pack variation and the mean

square remainder would be the proper error term. Remember, the basic

assumption of the composite design is that the high order interactions

are negligible. Therefore, the conclusion is that the remainder is

a measure of the pack-i_-pack variation. The remai_rmHn square
was used for all tests in _ANOVAs.

The results of all of the ANOVAs are presented in Tables VI-2 and
Vl-3. The tables include a_l main effects and tNo-way interactions.
Two levels of significance, .01 and .05, were used. If an effect was
significant then the lowest significance level is presented in the table.
A dash indicates no test for that effect and a blank indicates that the

effect was not significant at either of the two levels. Within a column,

confounding is depicted by enclosing the two significance levels by the

same figure. A composite set for each of the four criteria was formed

and is presented in Table VI-I.
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2. _e Summaries

In order to further understand the results of the analysis of

variance tests, several tables of pack averages have been generated. The

tables can be used to determine the extent of the significance _f a test

variable on the cycle life of a cell. The summary tables presenLed here

are: the pack averages (Figures VI-2 and 3, and Table VI-4), the

mean time to failure of cells cycling at the low and high level of a

variable (Table VI-5), and the mean time to failure of cells cycling at

combinations of high and low levels of two variables (Table VI-6).

a. Pack Averages. The pack averages were found by using Kaplan-Meier

Statistics for data with censored readings. To do this, first, let tl,

t2, ...tN be the ordered times and censored readings. Then

pack average = tl + Pl (t2-tl) + P2 (t3-t2) +--.+PN-l(tN-tN-l)

r"

where Pi = _'N_NII_?)-.-_N- i+1-Xi}• _,,-i+l)

and Xi = 0 if ti is a censored reading

= I if ti is a true failure

Within a pack, this equation deletes a censored reading that was smaller

than the first true failure and weights a censored readings larger than
the first failure in relation to the true failures. The observed failure

times of Table IV-g were used to determine the pack averages presented in

Figures Vi-2 and VI-3. In Table VI-4, the pack averages for the star

pGints and center point are also given.
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TABLE V[-5

Variable

MEAN TIRE TO FAILURE AT INDICATED VARIABLE LEVEL

(Cycles to 0.0 Volts) (Hours to 0.0 Volts)

Low Level High Level Low Level High Level

Temperature
DOD
Discharge Rate

Charge Rate

% Recharge
% KOH

KOH (cc)

Precharge

5210
5972
3310
3456
4286
3740
3598
3622

2122
1360
4022
3876
3046
3592
3734
3710

6847
6241
5109
6481
4390
4418
4431
4407

2154

2761

3893

2521

4612

4584

4570

4595

(Cycles to 1.0 Volts) (Hours to 1.0 Volts)

Variable

Temperature
DO0
Discharge Rate
Charge Rate
% Recharge
%KOH

X.OH(cc)
Precharge

Low Level

3470
3887
2986
2106
2561
26O8
2410
234g

High Level

1199
782

2561
2109
2061
2259
232O

Low Level

4680
4153
4508
4133
28_
323O

, 3096
2919

High Level

1255
1781
1427
1801
3079
2705
2839
3016

Table VI-5 presents t_e overall means for each of the two levels of
the fractional factorial, low and high, of the eight test parameters at
each of the four response variables. These averages provide an indication
of the change in average cell life between the low level and high level
of a variable. For example, with a failure criteria of cycles to
0.0 volts, a change in temperature from the low level (30 ° C) to the high
level (50 ° C) would reduce the life of the cell by approximately 3088
cyc]es, a significant reduction, where as a change in the precharge
increases the life only 100 cycles. However, interactions of variables
cause these differences to vary over the entire factorial matrix. Table
VI-6 presents the two-way classification means f_r all combinations of low
and high levels. An example will clarify this point.

For T X CR:

CR

l Low (30 ° C)

Low ] 5379
I

Hi gh _ 5040

Hirjh (50 ° C)

1532

2713

VI-14
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By fixing the charge rate (CR) at the low level and changing the tem-
perature (T) from 30 ° C to 50° C, a decrease of approximately 2847 cycles
is expected. If the charge rate (CR) is held at the high level, and
temperature is increased from 30° C to 50 ° C, then a decrease of 2Z27

cycles is expected. The conclusion is that the low charge rate-high
temperature combination is particularly stressful to the cells.
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3. Multiple-Linear Regression

Multiple-linear regression is a statistical procedure which determines

the coefficients or parameters of the equation

y = bo+blXl+b?X2+...+biXi+...+bnXn

E

such that the sum of squares of the difference of the values predicted

by the equation and the observed values is a minimum. In the above

equation the X's are the test parameters or products of the test para-

meters. The bi's are the coefficier'_. Y is the cycle life. Therefore,
using the data from the composite design matrix, the task was to find an

equation which could predict the life of a cell when the independent
variables were known.

This technique was _Ised to fit the "best" composite set of signifi-

cant factors, that were obtained from the analysis of variance, to the

four failure definitions: Cycles to 0.0 Volts, Hours to 0.0 Volts,

Cycles to l.O Volts, and Hours to 1.0 Volts. The composite set is the

list in Table VI-I with the addition of the squares of the significant
main effect variables.

The stepwise regression procedure starts wlth the equation with the

one variable that by itself does the best Jobof f_tting the observed

data. This variable may be one of many offered for selection. If little

is known about the effects of the independent variables, many new vari-

ables may be. formed from the original inde$_t variables to help

build a good model. To cover the possibility of a quadratic effect

of a variable a new variable which is the square of an original variable

can be formed. A variable which is _e cross product of two independent
variables is used when there is interaction between two variables.

The process of creating new variables can he continued by using higher

powers and higher order cross produces. However, for simplicity, one

hopes that these higher order effects are not significant.

The second step in the stepwise procedure is to find which of the

remaining variables will give the best fit when added to the first

variable entered into the model. T_is process is then continued to add

terms to the model in the amount they contribute to producing a good

fit. Also, at each step, each variable in the model is examined to

see if its contribution is _till significant. It is oossible, at a
later stage, that because _f the combination of variables now in the

model, a variable's contribution is no longer significant.

Four runs were made using these four definitions as dependent vari-

ables and four more were made using the natural logarithm of each of

the responses. These eight runs were made using all available data

which included factorial points, star points, and center point. No data

was included for Packs 5!N and 66N. No data was available for cycles to

l.O Volt and Hours to l.O Volt for Pack 5N. In all ca_es the regressions

were run using the pack averages as explained in the analysis of variance

section. Since all terms of the "best" composite set were significant,

the regression program was set to force all terms into the equation.

VI-18
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The regression equations obtained from the Accelerated Test Data
are summarized in Table V[-7. For each of the eight choices of dependent
variables, the coefficients of the independent variables are listed.
Any independent variable which is not listed has coefficient O. The
choice of the variables included in the regression equations was done
using stepwtse linear regression.

The standard error of estimate in Table VI-7 is a measure of the

goodness of fit of the regression equation.

The Standard Error of Estimate =]/Mean Square Remainder

V - Sample Size

and is the standard deviation which should be used when estimating cycle

life from the means of all indpedent variables.

A summary of the regression runs is presented in Table VI-B which
shows the order the variables entered, the sum of squares error and
the R-squared value at each step. All variables were forced into the
regression runs, but the summry data indicates that the last terms to
enter do not add very much to the goodness of fit of the model. There-
fore, the terms below the dashed li;,e were droplwed from the mdels.
The decision as to what terns to drop ms basell on the decrease in the
sum of squares error and the increase in the R( value. In all cases
where design variable terms were questionable, the term ms dropped.
This resulted in the variable precharge being dropped in all cases and
the variable percent of electroIyte being deleted in most cases. Since
the amount of electrolyte was not in the mdels to start with, this
leaves the prediction equations with only term involving the five
environmental factors.

The results of using the regression equations to predict, a
packs's cycle life are listed in Table VI-9. Packs 1N through 82N, except
packs 51N and 6611, were used to fit the regression equations. The average
prediction error for these packs is approximtely 1500 cycles or 1800 hours.
Packs 8311 through 86N are still cycling at normal test conditions and were

not used to fit the regressions.
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TABLE VI-8 REGRESSION SUMMARY TABLE

Cycles to 0.0 Volts

Variable Sum of Squares Error

T X DOD

CR X DR

DOD X CHG

I

DOD

T
DOD
DOD X
CHG

CR C
DOD X

OR
OR X OR
DR X Cl_

TXCR
CR

CR
DR

TXT
DOD C CR
CI'IG X PC

PC
PC X PC

413,550,122

367,156,223

344,845,162

330,710,671

248,598,901

189,195,592

151,811,648

147,752,572

137,631,508

134,986,399

132,236,556
128,910,475
125,965,395

23,484,413 - -
123,122,629
123,115,153
123,114,719

lZ3,113,363

R2

.5319

.5844

•6069

.6256

.7186

•7858

•8281

.8328

•8442

•8472

.8503

.8541
•8574

.8606
•8606
.8(_6
.8606

LN Cycles to 0.0 Volts
F

Variable Sum of Squares Error

I TXDOD
TXCR

CR X CR

DOD C CR

CR

CHG

TXT

CRX DR

DODX DR

DR

CHG X PC
PC

DOOX 000
DOD
DODX CHG

T
DRXDR

60
49
45
39
37
35
33
32
26
26
26

21
21
21
21
21
21
21

R2

.5857

.6566

.6841

.7273

.7444

.7575

.7682

.7753

•8170
•8185
.8195

.8504

.8510

.8513

.8539

.8548

.8552
•8552

Hours to 0.0 Volts LN Hours to 0.0 Volts
i i __ _ . _ i

Variable Sum of Squares Error R2 Variable Sum of Squares Error R2

•3243

•4804

•5337

•5616

.646i

•7041

•7171

•7290

.7399

•7448

• 7573
• 7614

" T76"40"

• 7666
•7684

•7692

.7706

•7708

.7729

.7730

TXDOD

DOD X DOD

DOD X DR

CR X CHG

CR X DR

TXCR

CR

COD X CR

TXT

CHG X CHG

CR X CR
DR X DR

-  PEOg
I| PC X PC

CHG X PC

PKOH X PKOt

DOD

PC

T

DR
i
I

52
48
45
42
38
37
31
27
25
24
23
23
23
23
18
18
18
18
18
18

T XDOO
CR

DOD X CR

TXCR

T

DOD

CR X CR

DOD X OR

DOD X DOD

CHG

CR X CHG

CR X DR
FK H-X-P O - - -
PKOH

TXT

DR X DR

DR

PC

PC X PC
CHG X PC

758,847,853

583,490,247

523,648,646

492,375,221

397,396,189

332,336,242

317,746,130

304,367,431

292,031,669

286,529,723

272,523,466

267,965,949

26_,060,_4_

262,095,934

260,087,601

259,142,071
257,640,752
257,383,781
255,043,545
254,867,257

.4858

•5214

.5603

.5881

•6208

.6341

•6899

•7349
•7490

• 7598
• 7709
• 7745

• 7753
.8169
.8175

•8176
•8177

•8177

.8177
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TABLE VI-8 (Continued)

WQEC/C 79-145

,i

T,

m

Cycles to 1.0 Volts

Variabie-ISumof SqUares Error

T X DOD
CR

DR X CHG

DOD X CR

CR X CR

! T X PKOH

DOD I
DOD X DOD l

T

CR X DR

PKOH X PKOH
DR

CI.t5 X CI.IG
ORXDR

- -T-X-T-
DRXPC
PC X PC

PKOH
PC

295,260,584

283,309,709

272,093,151

259,835,201

250,081,376
242,279,727

227,01 B,663

158,283,898

119,336,635

112,93_,716
II 1,079,565

110,30Z,99l
105,034,013
101,864,144

.... TOT,To_,74_"
100,582,374

93,895,474
93,876,756
93,876.037

Hours to I .0 Volts

R2

.4574
.4793
.4999
.5224
.5404
.5547
.5828
.7091
.7807
.7924
.7958
.7973
.8070
.8128
.8T4_
.8151
.8274
.8275
.8275

LN Cycles to l.O Volt_

Vari able
= •

Sum of Squares Error

1U8
77
58
54
5O
48
46
45
45
44
43
43
40

39
39
39
39
38

TXDOD
DR X DR
CR X DR
DR
CR X CR
CR

PKOH
PKOH X PKOH

T X PKOH
TXT
T

000
OOO X DOD

DODX CR
DRXPC
PC
PCX PC
DR X CH6

R2

.5007

•6470

•7345

•7504

•7706

•7792

•7867

•7906

•7915

.7962
.7996
• 8O26
.8]67

"'.81ao
.8185
.8188
.8193
.8224

•8225

LN Hours to 1.0 Volts

Variable Sum of Squares Error R2 Variable Sum of Squares Error R2

TXDOD

TXDR

CR

CR X DR

DR I
T

TXCR

DOD

DR X DR

DOD X DOD

CR X CR

TXT lDR l CFiG
CI-IG X CHG

-)'C
DR X PC
PC X PC

PKOH

PKOH X PKOH

476,008,439

382,346,900

340,647,221

327,034,311

312,713,264

282,195,449

244,022,894

214,718,055

197,963,832

179,045,715
168,1 _.5,812

159,879,865.

157,360,492

155,657,650
TBX,_8_,_8_ - -
144,038,120

142,597,737

141,954,587

138,510,990

•2480

•3960

.4619

.4834

.5066

•5542

•6145

.6608

.6873

•7172

•7344

.7474

• 7514

.75411..... 7B6B

.7725 I
7747

.7758
.7812

I I

TXDR i
TXDOD

PKOH !
PKOH X PKOH i

CHG

CR X CR i
CR X DR

TXCR

CR I

DOD X DOD
DOD

T !
TXT I

-DE X _R- .....
D_
DF: X PC
PC
PC X PC !
DR X CHG ,

91
54
52
50
49
48
43
40
37
36
34
33
3,

31
31
31
30
30

.4779

•6898

•7017

•71J9

.7202

.7247

.7569

•7706

.7861

.7946

.8O59

•8093
.8208

.8237

.8240

.8246

.8290
•8293
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4. Non-Linear Regression

In analyzing the data, it was observed that the effect of some

parameters can be better described using non-linear relationships

with cycle life. As an illustration of this observation, the natural

logarithm of cycles to 0.0 volts is plotted as a function of DOD

(Figure VI-4) and as a function of temperature (Figure VI-5). The

data points for each of the graphs are taken from Table Vl-4 and Table
Vl-6. Table Vl-6 is used to obtain an average In {cycles to 0.0 volts)

for packs cycling at the factorial levels of the test parameters.

Table Vl-4 is used for the packs cycling at the star point and center

point levels of the test parameters. From the graphs it is seen that

In (cycles to 0.0 volts) is an approximately linear function of DOD

and that In (cycles to 0.0 volts) is approximately linear in temperature

in the 20° C- 45° C range. The sharp drop in cycle life at 60° C is

due, in part, to the charge inefficiency at high temperature levels. If

the In (cycles to 0.0 volts) is replottecl as a function of DOD with

varying temperature levels, a similar linear relationship {in slope)

is observed across temperature levels. (Figure IV-6).

lO

0

+
C_

_.,1
(
I

°T

--....

_.._1 ope

L i i 1 I ',

20 40 60 80 lO0

Figure VI-4

Depth of Discharge (%)

Ln (Cycles to 0.0 Volts) vs DOD. The average

levels of the other parameters are Temp = 40° C,

DR = 2C, CR = C, RECHG = 170%

VI-25



MOEC/C 79-145

Figure VI-5 Ln (Cycles to 0.0 Volts) vs Temperature

lO

0

8

6

4

2 |
10

0 0

0

0

; I I ",
20 30 40 60

Temperature (°C)

Figure Vl-6 Ln (Cycles to 0.0 Volts) vs DOD and Temperature

4

9.

81
i \ \\ T 30° C

Oo_C = 40° C

# I .'. I !

20 40 (SO 80 lO0

Depth of Discharge (%)
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Several equations that model battery cycle life were suggested by
persons associated with the program. The equations were suggested prior
to obtaining the analysis of variance results. Therefore, they are
based on only three variables temperature, depth of discharge and percent
recharge. In view of the results from the analysis of variance, it
appears that the equation can provide a better model of cycle life whe.m
the effects of charge rate, discharge rate and percent of e]ectrolyt,_
are added. Refinement of these equations is a continuing process, as is
investigation of new proposals. The equations tried are presented
below. Additional work on the non-linear technique can be found in
references 30 and 33.

Cycle Life --a(b-TEMP)exp (cDOD)

(to zero voIts)

Coeffi c i ents Determi ned

by Regression

Pack
No.

Prediction of Normal Life

a = 1172 83N 17469
b = 66.8 84N 25910
c = -.0375 85N 36989

86N 12239

(Run only with 140% recharge data)

Cycle Life =al123-DODlb'_-_ exp (cTEMP)

(to zero volt) L DODJ
() RECHARGE) d

Coefficients Determined

by Regression

a = 7.3xi06

b = 1.006

c = -0.0392

d = i.257

Pack

No.

Prediction of Normal Life

83N 43813

84N 49432

85N I08267

86N 20004
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Cycle Life = a(bDOD_(TEMP+273) "1)
(to zero volts)

Pack Prediction of Normal Life )
I

1NO.

83N 31726
a = .1576 84N 26569
b : -.038 85N 67839
c = 3749 86N 12425

I Life (Hours) = a_ex_bT_
(to zero volts) ec rge

Coefficients Determined

by Regression

a = 7x106
b = .0005
c = 64.236
d = -.015
• = .4227

i
Pack Prediction of Normal Life I
No. (Hours) I:

83N 16979 )
84.N 15861 :

8SN L_919 I

8611 11750 i

5. TiBARTechnique

The TiBAR Technique was proposed from previous wnrk performed at
NAVWPNSUPPCEN Crane, reference 37, on cells under normal operating
conditions. The technique is based on the theory that the rate of
voltage drop on the discharge part of the life cycle is r_iated to
the goodness of the cell. It was shown that if the ti_e to reach _.25
volts is small, the cell is nnt usually as good as one that required a
longer time to reach 1.25 volts.

It was anticipated that t}_emean of e_ch pac!c cnh!d be predicted

from the eight test pacameters and that ceil to c_ll variation _ithin a

pack could be explained by the average of the Ti valugs (TIB._R). This

theory was applied to tile compc,site design by using the eight test param-

eters and TiBAR values as independent variables in regression analysis of

the general equation:

y = b_+blXl+b2X2 + ,.. +hiXi... + boX n

where y = cycle life to 0.0 volts

Xi = one of the independent variables

bi = coefficient of the corresponding indev,.ndenL variable as
determined by regression analysis of the data base.
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The time to discharge (Ti) to a voltage of 1.25 volts had been an
arbitrary choice, therefore, the levels of 1.26, 1.24, 1.23, 1.22, i.21,

and 1.20 were also used. It was also decided to try cs a variable the
time it took to go from one voltage level to another on the discharge
curve (delta Ti). These times chosen were the time needed to go from
3.25 volts to 1.23 volts and from 1.24 volts to 1.22 volts. In addition,

the time to reach 1.40 volts on the charge curve was used as a variable

to evaluate the possibility that the charge curve might be an indicator
of life.

The TiBAR technique was to screen the cells by cycling each cell

for a few cycles aw.d from the data determine a good cell. Thus a maximum

of 300 cycles was arbitrarily chosen. Since it was possible that the

very early cycles might behave differently, several sets of cycles were
used. A total of II variables were created from the times. These were

the means of Ti from I to 50, 51 to 100, 101 to 150, 151 to 200, 201 to

250, ,_d 251 to 300 and the cum_ulative mean of each set of 50 cycles,
I to I00, 1 to 150, 1 to 20(3, 1 to 250 and 1 to 300.

The regression analyses using the TiBAR values were performed early
in the program. At that time, only 18 of the 82 packs had failed. The
1B packs were those that had been operated under the extreme most condi-
tions of the test design. The results of these various regressions are
presented in Table VI-IO. The OBS FAIL TiME is the actual observed
fatlure (to 0.0 volts) cycle for each cell. The remaining eleven columns
contain the predicted failure cycle obtained from _ regression analysis
using the indicaT_-NJdata base as the independen..,tvariables. The indepen-

dent variables used in the regression analysis of the 8 TEST PARA were:

temperature (°C), depth of discharge (%), charge rate (ampere), discharge

rage (amperes) percent recharged (%), concentration of electrolyte (;6),

amount of electrolyte (cc), and a_ere-hnurs of precharge (ampere-hours).

This creates a data base for the regression of 2 variables. In applying

the TiBAR or delta TiB#.R technique the data base was expanded to Ig

variables by including the TiBAR of cycles as previously defined. From

this data base, the coaster regression program, chooses the coefficients
of the general equation that provide the ':best" curve fit to the dependent

variable, life to 0.0 volts. The predicted values are obtained by substi-

tuting into the equation the independent variables of the individual cell
to calculate the life of that cell. When just th_ eight test parameters

are used, the predicted life is for _he pack rather than the cell; because

all cells in a pack are tested with the same eight parameters.

The predicted values, using the eight test parameters, compared well

with the average of the observed failure time of the packs, however,

when the TiBARs were added, the predicted values did not order the

individual cell_ within a pack the same. as had been observed in actua_

testing. For exan_le, in pack 65N cell 2 ran _ch longer than cells 4 or

5 but the predicted values were about the same. In pack 6N the order of

observed failure was cell l, 5, 4 and 3; the order predicted by the

TiBAR was cell 5, 4, 3 and !. The conclusion arrived at by this analysis

was that the TiBAR is not sensitive enough to detect the small within

pack variations. However, there _r_ some facts that may have an impact.

on the TiBAR technique.
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The data base consisted of only 18 packs of the total 82 in the
design and these packs were tested under the extreme, conditions. This
heavily weighted the data at the extreme levels of the test design.

Hardware failures identified at that time were deleted from the

analysis, but pressure failures were considered a_ true cycling failures.
It has been determined in recent analysis that hardware and pressure

failures should be included in the analysis as censored data.

More benefit to the program might be obtained from the TiBAR

technique if the analysis was reviewed and rerun using a data base of

the full test design and knowledge learned from the /&NOVA and regression
of eight test parameters.

!
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TABLE VI-IU _RV REGRESSION PREDICT!0RS USING TiSAR TECHNIQUE

- !

J

, PACK CEU
NO. NO. P*

I 96()
? 944

ZN 3 836
4 943
',5 941

I ;,_11

2
6q J _I0

4 747

5 7()4

1 P 1085
2 1351

17N 3 13,13

4 1265

5 1329

I

? 733
4011 3 . 541

4 587
5 438

'_I 827 _)3
2 P 518 803

42N I 3 677 803
4 953 803
5 961 803

1 3205 3162

2 3015 3162
46N 3 2966 J162

4 3174 3162
5 3192 3162

I P 325 386
Z P : 282 386

55N 3 433 3_6
4 , 431 )_6

5 429 386

' 1 ' -

? 5660 4 76 3
65.', J

4 4165 , 4763
5 1 4465 ! 4763

, 1 P 5,3 101
: 2 P 471 ' 701

h_:N i 3 P 523 ! 701

I 4 : 951 i 701

t j 5 , i
_ .-J.._.

o,,..! , ! ; ....T.......
FA[L ' TLST . 0ISO'_ DISCHG OISCHG
TIML PARA t 1.26 1.25 1 1.24

917 882

gll 867
gl! ;33
917 989

917 _39

o'_e, 478
69_ 554

b96 _89

1290 1603

1290 1598
1290 1576

I?oA) 1677

1290 1580

51! 61

511 ; $33
511 ! 776

511 , 555

653
1260

_Oe

I 1.25] 1.24--
OISCX61 OlSC. DISCHG DISCMG r_ :MINUS , .INUS
1.?3 _ 1.22 ' 1.21 1.20 i.40 |1.23 | 1.22

,95 11oi IO49 lO53 1z6o ._ ,o--- iOOl
,0_ i0_310_,1_03.10, .43 9,,i_0._|I002
,36 117010951267 _ ,_ _,7j_ ) ,__3 1_ _ .1_ ,_2 877 955 .1021
,q62 1094 914 1076 907 821 %5 i 969 ) 1016

976 BS6 767 728 702 598 539 509 744

670 645 572 482 648 830 530 519 768

632 509 493 478 616 713 531 607 783

6.94 442 422 495 591 465 533 699 813
,,.-- o . o .........

1679 1268 i 1419 i175 1321 1213 1386 1264 1150
1.564 1205 _ 1384 1180 i330 1428 13,85 1279 1148

1499 1370 i 1498 1275 1311 1324 1373 1230 1128

1311 1097 ) 1241.0 1057 1225 1278 1377 1347 1161 I

1580 ! 1249 I' 1410 I1_ : 1287 z 1285 _ 1375 , 1274 1136 ___ ..... j . .

472 .= g ,.=, .7
641 721 610 592 _ 295 )

462 715 602 4[d5 564 314| 596..... 4---- - I..... ,.- • ..... .,- -,._ _'__
796 788 i _2 92q r_9 608 983 912 856
201 1017 ' 1001 9_8 14_ 1581 1237 527 716

777 _.,_.]]813i 8)4 625 574 768 778 718
892 1093 907 797

9316 962 814 699 840 867

Z,Ol 3o6. 3158 _1 _ 3_,4 _= _339 31. _o2
:.75 2;,49 27. 281_ _:. z_s 2741 _r_7 2.0 275_
2949 3132 _9 3026 _ 3030 30'6 3268 3133 3149
3042 )O_ 3081 _ 2986 3158 ',237 2701 3092

127 2L_ 330 249 i 387 404 742 -$3 5,01 315
346 424 288 319 619 372 221 516 501 30_6

406 416 298 325 ! 602 397 401 530 ) 351 218
509 330 173 241 I 564 366 : 350 374 i 445 ) 327
273 235 202 215 446 101 16 494 i_ 753 705

T t ----'_- ......

4770 4757 476,1 47,'_r3 _,802 4820 :752 ; _,759 " 4760 4736
I I

_.7bU 4601 4792 4_35 _ 4805 : 4802 4708 4754 4782 4B15
4760 1732 4737 4667 4.6_.3 4668 4330 476£ 4748 4642

585 603 619 755 63"; 647 631 723 ! 6i0 _]26

626 ', ¢ _3 527 _ 402 _. 485 526 562 710 ' 505 115

633 i 476 i 555 I 563 i 5a4 5_9 587 790 543 402

624 i 750)- I 64g ' 925 L7341 779 : _P,5 719i687_ 1125
- -_ ....... _ ........ L ..... I ..... ___
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TABLE VI-IO (Contfnued)

!
PACK i CELL
NO. INU.

1

2
09N 3

4

1
?

7()N J
4

5

! 1

71N 3
4

I 5

1
, Z

74N I 3
: 4

r

i 2
7_ i3

.... 5

I
2

76N 3
4
5

1
2

78N 3
4
5

/
, 79N 3

4
: 5

l
2

i UL)N I

4
S

p-

OBS**

FAIL

TIME

183
171
127

130

TEST DISCHG
PARA I. 26

130 415
130 340
130 337

130 337

..... r

D ISCHG

1.25

13.°4

1394

1517
1517
1517
1.517

f.

267
284
315
317

1626 1388
1621 1498
1608 1497
1600 1_3

......[...............-r.........
OZSCH_I OlSC_ OZSC_ OlSCm_OZSC_ CHG mm;s

1.24 [ 1.23 v.n ' ].21 1.20 1.40 _.j.z3
215 146 23 i 26 132 99 ' 1;1

239 284 158 _ 236 290 479 _ 145
3!6 186 1 266

312 176 i 252

481 | 524 525
706 748
872 800

1224

1219

b_3 i 700 673 572

Ill i tOO 654 773
6_3 ! 700 _ 665 678

- I i - r

f t

1625 i 1394 1609 1450

1185 1582 1541

1414 1033 1233

1195
1648
1803

2149
2149
2149
2149
2149

2447
1818
1490
2557
2486

I
i

20'r.AB 2232 2317 i 2107
2121 2217 2289 , 2967
.2299 2477 2484 I 2117
Z_ 2337 2325 !2076

1.24 ]
MINUS

1.22 I

243.
248

654
682 579
716 978

1146 g85

1846 2038

i409-

1492

lf_a

....... t

2171 t 2093 IP_3
216"3 I 2152 1874

2181 i216o 11e_32127 2327 1962

2152!2273 11 3
.... _.- o

38 ;
193 I

_8 -14 I 162 256 I

292 I_ i 163 i 255
/

662 7_ { 719 i 6_ '

6_5 705 i 7_ 752
686 l_ I 736 6_

- ! - t

-1_3 1338 1416 1_ 1303
° l - I ° ]

17_ ;5_ I 1397 I 1143 1578
- _ - I - I .

1133 1_2 i 1411 _1533_1401
I

15791373i 2126 : 1379 I 11_•zln, 141s I v_s
16_ ! 2112 1_3 { 1398155_ izo_ lsr_ lsa2

T

22_ : 2099 2093 1876
2137 2093
21 ] 5 2689
_13 2388
2189 2327

1497 1482 1327
1612 1463 1544

1554 1339 1578
169@ 1432 1573

1930
2121

2135
2302
2293

1201 1337
1667 1337
1115 1337

2237 2?%
2351 2295
2339 2295

2346 2295

2360 2295

2147 I 1950

Z090 [ 1.q67
2184 1815

2336 2222

2325 2347
2326 2319
2322 2397
2325 2347

1675
1693
1623

2324
2324
2327
233O
2328

1485 1513 : 2139
111_ 1403 ! 1513

" 'I ! °

2_5 2324 , 2366

2323 2334 ! 2315
2292 2286 ; 2297
2378 73_2 ! 2..'_1
2334 232_ i 23_3

2158 ! 2547 2166

3310 2547 2171

1480 2547 2137

3679 25a7 j 21_2

i J223 2547
c
I 2190

2297 2547 I 2165
2_28 2547 I 2203

2319 25_7 I 21552467 2547 2149

2129 2855 i 2515 2792 2542

2197 2_¢3 ( 2457 1 2732 2457
2336 2_5 J 2_75 2_66 2585

2282 2876 i 2.4_ I 283_ 259_

2311 I 2346 2343 t 2389 ! 2052
2424 23r'_ 23_8 ] 2382 2196
2328 23_5 2349 z 2427 I 2_30

2,20i  2182
2395.... _.__. 24¢1 _....2_29 j. 2173

1849 i 1455
1309 11451

2395 ! 23!4

23nI 2327
231 t. '. 2332
2320 _ 2324
2_3

2521

2469

2524

2553

2141
?297

2124
2247

2199

1359 1715
1417 1893
1258 1364

2405 2220

2469 2334
2459 2282

2503 2442
2336 248e 2354

2324 2415 2492

2352 2431 2451

2330 2540 2S60
2339 2484 2671

2198 : 2513 234_

2157 ! 256_ 2438
2147 i _£03 2364

2144! 2570 2469
21g? i 258_ 2515
.... _ - -- L ......

"Identifies pressure failure

**tYaserved fail time for the cell as determined at the time the regress!o_ was perforv_.d
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6. Hysteresis Loop Tec'_aique

In 1973 Crvptanlytic Computer Sciences, Inc, (CCS), while contracted

to investigate nickei-cadmi_m battery test data for the behavior of

cyclic discharge/charge cel_ voitage curves, defined a phenomena called

"Hysteresis Loop". CCS demonstrated these phenomena (graphically) by

superimposition of a segment ef the charge curve over a segn_nt of the

discharge curve (within a given discharge/ charge cycle).

These phenomena appeared to measure, and be associated with, contin-

uous changes in slope of the curves involved and to reflect the varying

curve profilns induced by differing, real or simulated operational

power requirements. These phenomena are apparent at the beginning of

cell life and exhibit certain changes as a function of cycling time

and may be correlatable to cell success and failure.

A computer program was _ritten to accept the cell voltage data and

numerically synthesize the discharge/charge curves on a per cell and

per cycle basis. The computer program m._nipulated these curves so

that the charge curve was rotated 180 degrees (which, in effect, reverses

the directio_ of the plotted voltage levels) over the discharge curve

in order to generate a "hysteresis _oop".

FIGURE VI-7 EXSV_LES OF HYSTERESIS LOOP

Area of .....

Hysteresis

Loop
I

t

a

g
e

CORO!TION A

.--_otated C,;;arge .J
• _ , _ _._'- Charge "

".Discharge j

Time

CONDITION B CONDITION C

L

_ " - - -_---Rotated _i- _. Charqe,, /Discharoe

i "-L.

Discharqe _ _" ...... ..\.

, J V
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A measure of this "hysteresis loop" is found by determining the difference
in area between the charge and discharge curves. This procedure can re-
sult in one of three possible outcomes per cell and cycle as follows.

Condition A of Figure Vl-7: The rotated charge curve intersects

the discharge curve at some point, presenting an "area" bounded by (1)

their mutual origin, (2) their intersection, (3) the discharge curve and

(4) the charge curve. When this condition is detected, the computer

program calculates a number representative of the enclosed "area" size

and calculates the point in time of the intersection of the two curves.

Condition B of Figure VI-7: Where the rotated charge curve n ,er

intersects the discharge curve and is constantly positioned above it.

Condition C of Figure Vl-7: Where the rotated charge curve

never intersects the discharge curve and is constantly positioned below
it.

When conditions B or C are encountered, the program computes the

area enclosed within the curves, bounded by their common origin and the
time period equivalent to the start-of-discharge.

The computer program provided a number for the area between the
curves but no definite method of using the hysteresis loop for cell pre-
diction was formulated by CCS. NAVWPNSUPPCEN personnel applied the
hysteresis loop technique to the accelerated test data in the same
manner in which the TiBARwas applied. T.he average value of the
hysteresis loops for cycles 1 to 50, cycles 51 to 100, cycles lO1 to
150, cycles 151 to 200, cycles 201 to 250, cycles 251 to 300, cycles l
to lO0, cycles 1 to 150, cycles 1 to 200, cycles 1 to 250, and cycles 1
to 300 were inputed with the eight test parameters as independent vari-
ables in the general regression equation:

y = bo+blxl+b2x2+...+bixi+..._bnXn

Eighteen packs had failed at the time this analysis was performed.

All cells were treated equally regardless of the failure mo.de and the
packs used were from the extreme test conditions. As with the TiBAR

regression, the purpose of the hysteresis loop variable is to separate

and order the individual cells within a pack while the eight parameters

qive an average life of the whole pack.

Results of the regression run, shown in Table Vl-ll, indicate that

this technique did not consistently predict the life of the cells nor
did it order the individual cells the same. as that seen in the observed

cycling failure. For example, Pack 65N observed failures varied from

2564 to 5569 cycles but the predicted range was very narrow 3883 to 4035

cycles. If the hysteresis loop is to be a valuable predictor the corre-

lation between the observed failure time and the predicted failure time

should be consistently high. This correlation was run for each pack,

but the results were inconclusive; varying from positive to negative
and from low to high.
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Visual evidence of the ineffectiveness of the hysteresis loop as a
predictor can be seen in Figure VI-8. Although the value of the loop
does change over the three hundred cycles, there is very little differ-
ence among "he cells of the pack. The conclusion at that time was
the cell to cell variation was not large enough to be accurately
detected by this technique. As in the TiBAR, there are some facts that
may have had an influence on the unsuccessful results of the technique.

The data base consisted of only 18 packs of the total 82 in the

design and these packs were tested under the extreme conditions. This

heavily weighted the data at the extreme levels of the test design.

Hardware and pressure failures were considered as true cycling

failures. It has been determined in recent analysis that hardware and

pressure failures should be included in the analysis as censored data.

The hysteresis loop technique was derived from data gathered on
cells tested under more normal conditions. In developing this technique
the difference in the length of time of the charge and discharge curve
was small. In the accelerated test data this is not always true thus,
using this variable may have created some p_lems. It is recemmended

that future efforts using this technique on accelerat_ test dam should

be performed on normalized charge and discharge curves or another vari-
able, such as ampere-hours in and out, could be used.

VI-35
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REGRESSION PREDICTIONS HYSTERESIS LOOP TECHNIOUE

CELL
POS
NO.

I
2

3

4

5

I

2

3

4

S

1
2
3
4
5

OBS* CELL OBS CELL OBS

FAIL HYSTERESIS POS FAIL HYSTERESIS POS FAIL HYSTERESIS

TIME LOOP NO. TIME LOOP NO. TIME LOOP
_w

PACK 6N PACK 65N PACK 75N
, -J ..... L ..... _=_,.

601 599 1 2564 3968 I 2505 1834

485 473 2 5569 3989 2 1835 1794

811 694 3 2564 3883 3 1535 1828

747 681 4 4086 4035 4 2560 I 1730

704 471 5 4468 4029 5 2486 J 1977

PACK 36N PACK 67N PACK 76N

1369 1508 I 8242 I0100 I 1202 1828

1376 1452 2 9053 I0090 2 1669 1909

1368 1264 3 9053 10110 3 1669 1876

1356 1121 4 14070 10100 4 1115 2000
1328 1059 5 13660 10110 5 1669 2044

PACK 40N PACK 68N PACK 77N

398 -62 1 524 1911 1 1909 1322
690 -146 2 472 -194 2 1909 114_
546 -143 3 524 1419 3 1909 1273
583 196 4 955 1413 4 1909 1338
431 784 5 955 24OO 5 1909 1353

PACK 42N PACK 69N PACK 78N

i - : i 21 , 831 1767 1 592 619 1 _. 2179
2 J 549 1985 2 592 750 2 I 2330 2436
3 680 1790 3 172 955 3 2319 2398

4 953 1562 4 148 -591 4 2319 2476

5 961 1707 5 148 -113 5 2339 2505
r - .J _ ,

PACK 46N PACK 72N PACK 79N

32osi 3835 .....I ' 1351' 1451...... I  -Z3 ii 3113
31741 3800 2 1717 1492 2 3260 3179

2973 3079 3 1352 1418 3 1481 3161

3i 74 3680 4 1717 1463 4 3628 3099

3182 3643 5 1717 1497 5 3680 3164
_ _ _ . J_ J

PACK 55N PACK 74N PACK 80rl

4 431 ) -428 4 1808 2106 4 . 2268 j 2377
5 43!,J -470 5 1811 t 1972 5 [.2416]_ 23_6____

*Observed failtime fn,. thp cPll as determined at the time th_ renression
was prefcrT._ed.

l

2

3

4

S
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7. Charge/Discha_e Curve Ftttinq

Early in the program, an investigation was made of the possiblity
of using the charge or discharge voltage curves to predict the cycle
life of a cell cycling at accelerated test conditions. The proposed
technique was to fit the discharge voltage curve (charge curve) to an
equation of the form:

v = bo+blt+b2t2+b3t3+b4t4

This curve fit could be repeated every n cycles, thereby obtaining

several sets of coefficients. It was hoped that the coefficients

would vary in such a way that the changing shape of the discharge curve

could be predicted, thereby enabling the prediction of cycle life.

ihis technique was unsuccessful when applied to either the charge

or discharge curve because of the seemingly random fluctuations of the

coefficients bi.

Another approach, in references (28) and (34), suggests that the
voltage curves can be modeled by the use of two exponential functions,
one for the beginning of the curve and a second for the end of the
curve but with opposite slope. The model proposed for voltage as a
function of time is:

v(t) = a+b exp(-°ct) -d exp (f(t-tm))

where the constants a, b, c, d and f are the parameters to be fitted and
dtmis the time at which the discharge was ended. This technique was

erived by reviewing a comparatively smal] amount of data that was avail-
able at the time. Before any conclusions can be made, a more detailed
analysis is required.

"0 VI-38
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B. CHEMICAL AND PHYSICAL DATA ANALYSIS

To date most of the effort has been expended in analysis of the
cycle life data and prediction equations. Most of the effort expended
on the chemical and physical data has been involved in assuring that
data presented in the tables are correct. Little effort has been
expended in analyzing the data. However certain trends were observed
from the data tables. These trends are:

o The positive plate thickness incereases with cycle life.

o Cycled negative plates show a decrease in weight and capacity

with cycling.

0 The residual undischarged cadmium is greater in cycled cells

than uncycled cells.

0 The cycled positive plates contain more oxidized nickel

than uncycled cells.

0 There is a significant variation among the three plate lots
used to fabricate the cells.

0 The quantity of carbonate found in the cells increases with
cycle life.

1. Variation In Plate Lots

During the physical and chemical analysis, it was observed that

variatiuns in the test data seem_ to be related to the plate manufacturing

lot. The test cells were built at different times using plates from

three different lots, designated as lots I, 2 and 4. Lot 1 cells comprised

the star point, center point, storage conditions and normal point packs.
Cells from lots 2 and 4 were received at a later date and made up the 64

packs of the factorial packs of the test matrix. To investigate the

suspected variation, the uncycled cells of each lot were used. This
was a total of 16 cells, 8 cells from lot l, 4 cells from lot 2 and 4

cells from lot 4. The data for each of the variables measured was averaged

for each plate position in cell and plotted as Figures VI-9 through VI-12.

The figures show that some variation in the plate lots exist and the

plates appear to have been ordered by weight as the curves of weight
comparisons are very similar. The effect that these small variations in

plate lots have on life cannot be determined from this data as the lots

are confounded with design variables and the test matrix was not designed

to evaluate this factor. The following comparisons were made.

Plate Weight Comparisc_ - Negative Plates. The average weight of

lot 1 plates is less than lots 2 and 4. The plates in lots 2 and 4

weigh about the same. The difference between lot l and lots 2 and 4

VI-39
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is approximately .28 grams. The average curves of lots 1 and 4 are very
stmtlar. The curve of lot 2 is of different shape. The widest range
of values is found in the lot 2 plates.

Plate Weight Comparison - Positive Plates. The average weight of
positive plates increases from lot 1 to lot 2 to ]ot 4. The average
increase from lot 1 to lot 2 is .28 grams. The average increase from
lot 2 to lot 4 is .33 grams. The average curve of all three lots is
very similar. The widest range of values is found in lots 1 and 4.
Lot 2 has a very narrow range of values.

Plate Thickness Comparison - Negative Plate. The curve of average
thickness shows that lot I plates are thinner than lot 2 and lot 2 plates
are thinner than lot 4. Lot 1 plates range from .810 mm to .842 mm,
lot 2 plates range from .816mm to .851 mm and lot 4 plates range from
.844mm to .870mm. The widest variation is in lot 2 plates.

Plate Thickness Comparison - Positive Plate. The curve of average
thickness increases from lot 1 to lot 4 to lot 2. Lot 1 plates range
from .730mm to .755mm, ]or 4 plates range from .739 m to .779 mR and
lot 2 plates range from .760m to .792 m.

Plate Chemtcal Capacity - Negative Plates. The largest difference
from lot 1 to lot 4 is approximately 5% for plate 9. The widest spread
of values is in lot 2.

Plate Chemical Capacity - Positive PlaLes. The difference between
lot 1 and lot 2 is approximately 8% and between lot 1 and lot 4 is
approximately 13%. The greatest variance is in lot 1 cells.

Plate Electrochemical Capacity - Negative Plates. The widest
range of values is in negative plates of lot 4. The curves are similar
to chemical results but percent differences between lots is greater.

Plate Electrochemical Capacity - Positive Plates. The widest
variance is in lot I. The capacity increases from lot 1 to 2 to 4.

VI-40
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FIGURE Vl-9 PLATE MEIGI/T (;OIIPARiSOII BY LOTS (PLATES _ UNCYCLEO CELLS)

IIEGAIIVE PLATE NO.

(Position ,n Ce11)

POSITIVE PLATE NO.

(Position in Cell)

PLA[+ NO. I 3 _ 7 9 I1 13 15 17 19 21
LOT I AVERAGE UF 8 CELLS
IHGH 8.59 8.57 8.47 8.58 8.65 8.72 H.51 _.63 8.68 8.58 8.59
_vI _.47 F].45 8.39 8.5? 8.47 8.53 8.44 8.50 8.54 8.50 8.40
I W _{.?S _.26 8.30 _.35 8.36 8.35 A.31 8.37 8.37 8.40 8.09

2 4 6 8 I0 12 14 16 18 20

7.05 7.12 7.20 7.02 7.21 7.09 7._)3 7.13 6.89 7.07
6.95 6.96 7.05 6.83 7.03 6.94 6.84 6.99 6.79 6.89
6.68 6.74 6.84 6.63 6.90 6.72 6.68 6.82 6.71 6.66

I(_T ? - _,VLRA(_F UF 4 CLLLS
_,!LIt( _}.t)') _._0 cJ.O7 _,.9/ _,.9? 9.15 8.88 8.86 9.01 9.00 8.74
,v,_. L_.,_,, ,%56 H.71 _(.79 I'L86 8.90 8.72 8.57 8.77 8.73 8.52
t,)W _.61 8.3? 8.48 _.39 8.79 R.70 8.60 I].31 8.51 8.29 8.32

7.33 7.30 7.42 7.27 7.38 7.23 7.14 7.34 7.18 7.17
7.16 7.20 7.31 7.21 7.37 7.19 7.12 7.28 7.12 7.11
7.03 7.07 7.19 7.15 7.35 7.13 7.09 7.24 7.02 7.03

4

!

[()T 4 - AVERAGL OF 4 CELLS
_HGH ;(_./] _.91 8.72 8._7 L_.77 8.89 B.94 8.76 8.8? 8.67 8.79
AVE ;3.69 _.70 8.64 8.75 _,73 8,75 8.74 8.60 8.73 8.61 8.69
tow ;;.{,_ _.$3 R.S1 _q.r._ 8.8q 8.68 8.63 B.47 8.53 8.56 8.60

7.58 7.70 7.77 7.70 7.68 7.75 7.67 7.80 7.58 7.65
7.46 7.55 7.56 7.55 7.64 7.53 7.51 7.63 7.46 7.56
7.18 7.49 7.39 7.33 7.57 7.30 7.4Z 7.36 7.39 7.47

NFGATIVE PLATE NO. POSITIVE PLATE NO.

I 3 5 7 9 !1 13 15 17 19 21 2 4 6 8 10 17 14 16 18 20

.r!

.6

- LOT i

_- LOT 2

_- LOT4
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FIGUREVI-10Pt.ATETtt|CIUl[SSCCIqPNHSQNSBYLOTS(PLATESFIIONUECYCLEDCELLS)

rCEC,ATIVE PLATE NO.

(Position in Cell)

POSITIVE PLAT( W.

(Position in Cell)

PLATE NO. I 3 5 7 9 11 13 15 17 19 21
LOT 1 AVERAGE OF 3 CELLS
HIGH .818 .84Z .858 .866 .833 .875 .848 .898 .887 .852 .857
/_V¢_ .810 .821 .833 .8L_ .817 .838 .827 .836 .842 .819 .815

qW .79_1 .805 .813 .797 .799 .811 .8_6 ,804 .809 .738 .79,5

2 4 6 8 10 12 14 16 18 20

• 78,5 .781 .766 .740 .761 .766 .770 .755 ,755 .768
.742 .755 .739 .730 .741 .743 .135 .746 .734 .737
.711 .733 .715 .711 .719 .721 .709 .731 ,715 .770

lOT _' AVFRAGE OF 4 CELLE,
flIL, H ._;77 ._354 .Lt4H .L;6I .P,57 .875 ._56 .884 .850 .847 .831
AVE ._34 .834 .032 .,f344 ._4.3 .851 .839 .8,44 .83Z .830 .816
LO_ .B_)9 . 823 . 820 ._0 . _328 .829 .826 .8 I0 .821 .809 .BOO

.796 .791 .795 .875 .792 .770 .787 .797 .798 .765

.769 .773 .772 .792 .773 .767 .771 .7/30 .769 .760

.754 .7,54 .761 .7.55 .757 .764 .760 .767 ,754 .7.56

LOT 4 AVLRAGL OF 4 CELLS

ii[(_H ._67 .871 .853 .9Oh .920 .861 .883 .853 .913 .916 .901
AVE .85_ °848 ._44 .860 .870 .847 .854 .843 .864 .865 .845

LOt/ .SJZ .818 .334 .834 .83] .837 .828 .820 ._11 .837 .816

.770 .824 .771 .767 .755 .749 .750 .781 .777 .784

.747 .779 .752 .751 .7'14 .741 .739 .757 .742 .753

.718 .730 .729 .736 .735 .726 .7Z8 .743 .7Z8 .743

NEGATIVE PLATE NO. POSITIVE PLATE 1t0.

I.!

41--"

_i .9.
.8-

.7-

-6

J , 7 n 11 13 15 17 19 21 2 4 6 3 in 12 11 16 1:_ 20

• -LOT 4
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FIGURE V1-11 PLATE CHER|CAL CAPACITY BY LOTS
(PLATES FROM UNCYCLED CELLS)

POSITIVE PLATE NO.
(Position in Cell)

PLATE NO. 3 9 13
LOT 1 AVERJ'_E OF 8 CELLS
ti]GH 1.700 1.716 1.740
AVE 1.655 ] .679 1.658
LOW 1 . 622 1 . 637 1. 585

2 8 12

•985 .971 .955
•925 .894 .892
.821 .795 .828

LOT ? AVERAGE OF 4 CELLS
IIIGH 1.185 1.800 !.754
AVL 1 641 1.121 1.681
LOW 1.552 I .680 1.630

1. 043 1. 054 1 . 052
1.018 ! .034 1.003

.978 1.004 .959

LOT 4 AVERAGE OF 4 CELLS
H].GH 1.6,80 1.698 1.088
AVE 1.661 1.679 1.680
LOM 1.643 1.660 1.673

1.072 1.132 1.085
1.057 1.092 1.064
1.047 1.049 1.039

f¢lCATIV[ PLATE NO. POS]TIVE PLATE NO.

: 'J 13
i.9 ..............

1.6,

1.3.

].0"

8 - LOT 1

•B - LOT 2

• - LOT 4

2 8 12
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FIG_JRE VI-12 PLA]IE ELECII_O-CNEN]fJ_L CAPACITY BY LOT
(PLATES FROM IJIIE'tCI.ED CELLS)

r
F

NEGATIVE PLATE NO.
(Position in Cell)

POSITIVE PLATE NO.
(Position in Cell)

PLATE NO. 7 !1 17 6 10 16
LOT I AVERAGE OF R CELLS

HIGH 1.10 1.10 1.07 .74 .74 .76
AVE 1.02 .90 ._ .69 .72 .69
LOt# .86 .59 .90 .64 .68 .60

LU[ ? AVCRAGE OF 4 CELLS

IIIGII 1.32 1.45 1.33 .84 .84 .85
AVE 1.03 1.13 1.07 .78 ,83 .83
LOW .70 .89 .78 .72 .82 .81

LOT 4 AVERAGE OF 4 CELLS

[tIGtt 1.34 1.40 1.38 .85 ._ .87
AVE ].14 i.34 1.Q8 .82 ._ .85
LOW .79 1.23 .47 .79 .79 ,84

NEGATIVE PLATE NO.

-'hE

c:,

(2,._

POSITIVE PLATE 1t(}.

7 11 ]l 6 10 16

/
/

|

\
\

I.(P

&- LOT1

I- LOT2

• - LOT4
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2. Plate Thickness Variation

A paired T-test was used to analyze any differences in thickness

between the top and bottom of the cycled cells. Because of the variation

in plate lots, cells from lot l were analyzed separately from the cells
of lots 2 and 4. The results are shown in Table Vl-12. It was concluded

that any differences between the top and bottom thickness of the plates for

cycled cells was similar to the differences found for uncycled cells.

TABLE VI-12

SUMM_Y OF PAIRED T-TEST

TYPE

CELL I
.J

Uncycled
Cycled

Uncycled
Cycled

Uncycled
Cycled

TYPE
PLATE

Positive
Positive

Positive
Positive

Negative

Negative

Negative

Negative

LOT

1
1

2,4
2,4

2,4
2,4

NUMBER
OF

S/_IPLES

80

80
36O

i

1N2

F

88
418

AYERAGE
DIFFERENCE

(TOP-_)

.0O9556
-.000260

.014616
• O14375

.016951

.001735

_MIg)ARD

DEVIATION

.032175
.053706

.045423

.074516

.032487

.042202

RElqARKS
m ,

Bottom size larger

Bottom size larger

Not significant

Not significant

Top size larger
Top size larger

.002661

.047287 E _ , .

Top size larger
Not significant

NQ
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3. Cell Degradation and Failure Rechanismms

Dr. P. McDermott under contract to NASA/GODDARD has done the most
extensive work in analyzing the chemical and physical data to determine
what causes cell degradation (26)(29)(30). His analysis was performed
on selected star and center point cell packs, and his findings are
summarized below.

The increase of chemical capacity of the positive electrode with
cycling could result fremcorrosion of the nickel sinter substrate.
The oxygen utilized to oxidize the sintered nickel would not be
available to recombine with t,._ cadmium and the quantity of charged
cadmium would increase with life. This, in effect, would cause the
cell to lose overcharge protection and the cell could develop high
pressures.

As the positive plate cycles it swells. This swelling can be
attributed to two causes: 1) Expansion and contraction of the active
material during cycling, 2) Corrosion of the substrate which weakens
the structural integrity of the sinter. As the positive plate swells,
there would be a corresponding decrease in the inner electrode spacing
and the electrolyte is squeezed out of the separator. The drying out
of the separator, which was verified in the analysis could contribute
to both low voltage and high pressure failure by increasing the
impedance of the cells and by restricting the diffusion of oxygen.

The electrolyte is squeezed from the separator and goes into the
electrodes; the positives expand and the negatives have additional
void volume due to loss of cadmium. The loss of cadmium from the
electrode referred to as "cadmium migration" was verified in the tear-
down analysis.

The failures which were attributed to internal shorting could be
the result of the interaction of the mechanism; plate growth, separa)or
compression and cadmium migration into the separator.

Until it can be proven that the failure mechanisms are the same
in the ceils being tested under "normal" conditions as the cells
tested at "stressed" conditions, the results of this test progr_,
are incomplete.

4. Chemical and Physical Data Bar Charts

A previous report (reference (2)) summarized the chemical and
physical analysis performed and provided a graphical representation
of the data in the fomof bar graphs. These graphs were somewhat
useful in studying trends of the cells with life. The charts comprise
200 pages and were too voluminous to include.
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From the physical data it was found that the positive plate was
expanding with cycling. This was initially investigated by Dr. P.
NcDennott and reported in references 26 and 29. This increase was
determined to be due to the corrosion of the nickel sinter of the plate.
Additional investigation using star point cells was performed by JPL.

It was found that the maximum cycle life of a given cell pack
could usually be predicted based on a given increase in positive
plate thickness. It was postulated that the positive plate thick-
ness could increase to 0.975 cm maximum thickness and the cycle life
was predicted based on this delta increase. Table VI-13 lists the
maximum cycle life observed and predicted cycle life for the star
point packs and one center point pack (No. 81). From the table it is
seen that the predicted cycle life is very close to the observed
cycle life in most cases.

Figure VI-13 shows regression plots of the positive plate growth
as a function of cycle life. (It will be recalled that three cells
were removed at various cycles before failure). Correlation coef-
ficients of the plots in all but t_o cases were greater than 0.9.

TABLE ¥I-13 PREDICTED CYCLE LIFE BASED ON
POSITIVE PLATE SMELLING

PACK NO OBSERVED R/U(. POS. PREDICTED LIFE
RAX C.L. THICKNESS CM TO 0.0975 CH

65N

66N

67N

68N

69N

70N

71N

72N

73N

74N

75N

76N

77N

78N

79N

80N

81N

5660

13

14066

955

591

1512

1638

1717

3501

1801

2557

1669

1909

2368

3732

3223

3055

0.0946

mmwum

0.0842

0.1006

O. 0825

O. O930

O. 0925

O. 1096

O. 0993

0.0954

0.0957

O. 0995

0.1106

0.0960

O. 1001

O. 0989

0.0954

54OO

38400

950

1600

1800

1900

1300

3500

2150

2400

1750

1450

2400

3732

2600

3200

¢
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Some observations that can be made from Figure VI-13 are:

a) The %DOD produces the greatest rate of positive plate growth
(see 68N, I00% DOD VS 67N, 20% IX)D).

b) Temperature appears to affect the positive plate swelling

(Pack 65N at 20° C had next to the lowest swelling rate).

c) The swelling rate increases with the increase in KOH concen-

Lration (Pack 76N VS Pack 75N).

Other similar observations can be made on the effects of the test
variables.

Although there is a very good correlation between positive plate

growth and cycle life, caution must be exercised in assuming that

positive plate swelling is the major failure mechanism. It is observed

that Pack 67N, cycled at 20% DOD, had a maximum cycle life of 14,066

cycles but the maximum positive plate thickness was only 0.0842 cm.
Its maximum cycle life was predicted to be 38,400 cycles based on
reaching the maximum positive plate thickness of 0.0975 am.
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C. OTHER ANALYSIS

l. H.i .st ograms.

The electrical data obtained from the manufacturer's tests,

the baseline tests, and the chemical and physical tests were com-

puterized and assembled into a data file totaling 72 variables.

The purpose of the file was to assemble the data in the computer
so that various correlations could be run. This data file was used

to generate histograms of the data to investigate the distribution

of the cells, to identify any inconsistencies that could be related

to life, or help explain some of the premature failures. One set

of histograms is presented in Appendix E.

One can select a given cell that failed early or out of line

with the rest of the cells in a pack and pick that cell out in the

histograms to determine where it is in relationship to its pach

mates. Only a cursory review of the histograms has been made at this

time. No specific trendswere observed. Additional effort will be

made to look at individual cell performances during life tests for

comparison with the 72 data points in the histograms.

2. Analysis of Early Failures

The test parameters and levels were chosen so as to cause accelerated
failure of th test cells. These parameters were fixed by the composite
design resulting in combinations that would not sustain long term cycling.
This problem occurred in the factorial points on pack ZgN, 14H, ION and
25N whose test parameters were 50° C temperature, 00% depth of discharge,

C/2 charge rate and 4C discharge rate and in the star point, pack 66N in

which the temperature was 60° C. When these packs were included in the

regression prediction, the predicted life of the cell was a negative
number.

In addition, a larger than expected number of the cells failed due

to high pressure. Pressure failures are not normally encountered under

normal conditions. Thus, the pressure failures were probably a result

of the test parameters. The gas analysis results show that the high

pressure was caused by hydrogen generation.

Reference (13) investigated early failures of the test program.

This report concludes that the pressure failures resulted from being

overcharged at the high charge rates of the test design.
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3. Computerized Pattern Recognition

A computerized pattern recognition technique was used, in an
independent study by Byers and Perone, to look for cell character-
istics which would be predictive of later performance under stressful
conditions (Reference 5). In this work the manufacturing test data

was used to look for patterns that would differentiate between "good"
and "bad" cells on the accelerated test.

In performing this analysis the authors were unable to identify

cell performance characteristics from the manufacturers' test data

that would accurately distinguish betweer good and bad cells on cycle

life tests performed at NAVWPNSUPPCEN. Their analysis was performed on

220 cells that had completed the cycle tests at NAVWPNSUPPCEN, Correlation:
between the manufacturers' tests and the accelerated life times were

complicated by the fact that the test program contained so many variables.

It was noted that there was a high degree of clustering of cells

with respect to the cell design groups. It was also possible to

distinguish cells manufactured from different plate lots. Charge

voltage features and the time to discharge to l.O V were found to be

better predictors than pressure features. Ceil voltages were not

found to be useful for predictions after the ceils reached a 100%

state of charge.
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APPENDIX A

BASELINE TEST PROCEDURE

WOEC/C 79-145

I. MEASUREMENTS Measure height, length, width, and weight.

II. CAPACITY TESTS 20 ±2° C.

A. Charge at 300 ma. for 40 hours or to 1.60 volts per cell limit.

Set pressure cutoff at lO0 psia.

B. Open circuit stand for one hour.

C. Discharge at 3.0 amperes to 0.75 volts, each cell. Open

circuit each cell at the cutoff voltage.

O. Open circuit stand one hour after last cell discharges.

E. Charge at 600 ma. for 16 hours or to 1.60 volt per cell limit.
Set pressure cutoff at 100 psia. Measure internal impedance
within 5 minutes after end of charge.

F. Open circuit stand one hour.

G. Discharge at 3.0 amperes to 0.75 volts, each cell. Open

circuit each cell at the cutoff voltage.

Measure internal impedance.

Record pressures decay during discharge at 15 minute

I .

2.

interval s.

H. Short with a 0.5 resistor for 16 hours. During this period,

record pressure decay, every two hours, if end of discharge pressure

is greater than 15 psia.

Ill, CHARGE EFFICIENCY TEST 20 ±2 ° C.

A. Remove resistors and charge at 150 ma. for 20 hours.

B. Open circuit stand for one hour.

C. Discharge at 3.0 amperes to 0.75 volts, each cel]. Open

circuit each cel] at cutoff voltage.

A-I
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IV. INTERNAL SHORT TEST 20 +2° C.

A. When the last cell reaches the cuttoff voltage of IIl C and the

pack is removed from discharge, discharge with a 0.5 ±3% resistor across

each cell for 16 hours. Measure the decay voltage of each cell every

hour during the 16-hour period.

B. Renw)ve resistor and measure recovery voltage every 30 minutes

until cell voltage is equal to or greater than 1.15 volts. Then

read once every hour for the remaining ti_. Total time of test to
be 24 hours.

V. LEAK TEST

A. Leak test cells in a be11-jar vacuum system.

B. Phenophthalein leak check cells and weld closures.

VI. SHORT CELLS ON O.S OHM RESISTOR UNTIL INITIATION OF ACCELERATION TEST.

No voltage reading required. Time limit in storage to be three days.

VII. TEHPERATURE CON DITI.ONING_ I_TRIX TEMPERATURE

Condition cells at the matrix temperature for a minimum of 8 hours.

VIII. CAPACITY TEST, MATRIX TENPERATURE

A. Remove resistors and charge cells at matrix temperature at

600ma. for 16 hours or to 1.60 volt per cell limit. Measure internal

impedance within 5 minutes after end of charge.

B. Open circuit stand for one hour.

C. Discharge at 3.0 amperes to 0.75 volts, each cell. Open

circuit each cell at the cutoff voltage. Measure internal impedance

within 5 minutes after last cell completes discharge.

D. Short with a 0.5-ohm resistor for 16 hours. During this

period, record pressure decay every two hours, if end of discharge

pressure is greater than l_ psia.
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IX. CAPACITY TEST, MATRIX TEMPERATURE, MATRIX RATE

A. Remove resistor and charge cells at matrix temperature and

matrix rate to matrix overcharge. Measure internal impedance within

5 minutes after charge is complete.

B. Open circuit stand for lO minutes.

C. Discharge at matrix discharge rate to 0.50 volts, each cell.

Open circuit each cell at cutoff voltage. Measure internal impedance

within 5 minutes after last cell completes discharge.

D. Short with 0.5-ohm resistor for 16 hours. During this

period, record pressure decay every two hours, if end of discha'ge

pressure is greator than 15 psia.

o INITIATE ACCELERATED TEST

A. Remove resistor and charge cells at matrix temperature,

rate and overcharge.

B. Discharge cells at matrix depth of discharge and matrix

rate. This cycle is to be designated cycle six (6) of the

Accelerated Test for the pack.
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TEST FACILITIES

A. ENVIRONMENTAL CHAMBERS

The ambient test temperatures of 0° C, +20 ° C, +30 ° C, +40 ° C,

+50 ° C, and +60 ° C are maintained by environmental chambers with

temperature controls accurate to within ± 1.5 ° C. Test items cycling

at +25 ° C are ]ocated in an air conditioned room with other temperature-

critical equipment, and the temperature is maintained at 25° C _ 2° C.

I

4

B. AUTOMATIC DATA ACQUISITION AND CONTROL SYSTEM (ADACS)

1. Summary_

a. The system is capable of testing 256 packs with
3000 channels available for data input from these packs.

(1) Each pack has its mm power supply, or may use
dual power supplies, with its corresponding system interface, re-
motely programmed by the system to provide its test requirements.
During test, the system routinely scans each pack's data every 36
seconds and compares each data point (voltage, temperature, or pressure)
with programmed limits to insure that the test items meet test specifica-

tions. If the parameter is out of ]imits the system will initiate an

alarm and also type out a message identifying which pack's parameter was
out of ]imits.

(2) As data is being scanned, it is recorded on magnetic

tape and also on a teletype, in report form, if requested.

(3) The system was designed to provide an accuracy

of 1.0 millivolt on directly read data such as auxiliary electrode

and cell voltages. The accuracy of temperature (thermistor) and

pressure (transducer) measurements are 0.05 ° C and 0.05 psia, respecti-

vely.

b. The system is organized into three functional hard-
ware groupings as follows.

(1) Computer and computer peripherals:

(a) Honeywell 316 computer and options;

B-I
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and spooler;

(b) Two ASR35 heavy duty teletypes;

(c) Honeywell 316-50 high speed paper tape reader

(d) Datum, Inc., Model 5091-H316 magnetic tape

I/0 system with two tape transports;

(e) Datum, Inc., Model 6078-H316 mass memory

system with 131,O00 word drum memory;

(f) Tally, Model 2200 line printers;

(g) Texas Instruments Silent 700 Deck Printer.

(2) Auxiliary digital functions include:

(a) Real-time clock, system shut-down timer

and alarm circuits, and medium-speed analog input subsystem;

(b) Two John Fluke, Rode1 8.wJO-A digitizers;

(c) 3000-channel reed relay scanner.

(3) Control subsystem:

(a) 256 control channels providing the digital-to-
resistance conversi(_n and control-relay outputs to the interface be-
tween the system ano the test items.

2. Measurements:

a. Cell voltages are presented directly to the system.
Throughput measurement is 1.0 millivolt maximum.

b. Currents are measured by sampling the volta§e drop across

a low-resistance shunt of lO0 MV fuli current value. Through output

measurement, error of the shunt voltage is I millivolt maximum.

c, Cell and ambient temperatures are measured by sampling

the output of a thermistor bridge driven by an excitation voltage. The

temperature range is -30 ° C to ÷70 ° C and is resolved in increments of

0.1 ° C., with an error of less than O, 05 ° C, resulting from linearity.

d Cell pressures are measured by sampling the output of

a pressure transducer driven by an excitation voltage. The pressure

range is 0 to 300 psia, and is resolved in increments of 0.1 psia with

an error of less than 0.05 psia resulting from linearity.
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e. Pack voltages, which exceed lO volts, are attenuated
by resistors to the extent that the scanner system measures a maximum
of 10 volts.

3. Calibration:

a. The system was designed for a maximum throughout
measurement error of 1.0 millivolt.

b. The digitizers are routinely calibrated off-line;

and, when on-line, are compared with a secondary standard reference

voltage each scan to insure maximum system accuracy.

C. INTERFACE CONTROLS

The control units for charge and discharge of the cells are con-
trolled by the relays on the Digitial to Resistance (D/R) cards of the

ADACS. The O/R cards can control the voltage and current on a power

supply up to 1/256 of current or voltage required. Figure B-1 is the
wiring diagram for the control unit of a multi-pack configuration and
Figure B-2 is the wiringdiagrmfor the control unit for single-pack
testing.
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APPENDIX C
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PACK NO.

ABBREVIATED PACK TEST ANOMALY SUMMARY

COMMENT

3N

6N

9N

11N

Cell 2 failed because of high pressdue to being

overcharged.

Cell 2 failed because of high pressure due to it being

overcharged.

Cells 3, 4 and 5 failed because they were overcharged.

Cells 1 and 2 failed because of high pressure due to
being overcharged.

S

|

_L

12N

13N

15N

16N

19N

22N

27N

28N

Cells 1 and 2 failed because of pressure when the
ambient temperature decreased from 50 to 40°C.

Cells 1 and 5 failed (low voltage) because they did
not receive a charge prior to discharge.

Cells 3 and 5 failed (low voltage) because they were
not charged the cycle before they failed.

Cell 1 failed because of high pressure (cycle 1003),
following a decrease in the ambient temperature from 50 to 41°C.

Cells 3 and 5 failed due ix) the malfunction of their

control which prevented then from being charged on the cycle

preceding their low-voltage fai lure.

Pack was over discharged on cycle 205. The cells were
reversed.

Cell 2 failed because of high pressure due to being

overcharged (cycle 2252).

Cell 3 was overcharged on cycle 2237 which led to

its high pressure failure.

D

32N

40N

Cell 1 failed when the ambient temperature decreased
to 25°C.

Cell 1 was discontinued because of a hardware mal-

function which indicated a high pressure.

w
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50N

5IN

53N

55N

65N

67N

69N

71N

72N

73N

74N

77N

78N

81N

82N

Cell 5 did not fail; but was discontinued inadvertently.

Pack failed because the ambient temperature was 57°C,

and the cell temperatures exceeded 60% at the EOC and through-

out the discharge.

Cell 3 was inadvertently removed from test on cycle 6676.

Cells 3 and 4 were overcharged, from cycle 429 to 432, due

to the pack being placed on charge when cell 5 failed during

discharge. Cells 1 and 2 failed because of pressure due to a

decrease in the ambient temperature.

Cells 1 and 3 were removed because of high pressure caused
by being overcharged.

Failure of cell 1 was caused by a broken _onitor lead
on its pressure transducer. Cells 2 and 3 were severely
reversed. They developed internal shorts aru:lwere removed
from the circuit on cycle 9310.

Cell 1 failed on cycle 592, because of low voltage caused
by its not being recharged on the previous cycle.

Cell 2 failed due to high pressure because it was
overcharged.

Cell 3 had been on open-circuit three days prior to

cycle 1352 in which it developed high pressure.

Cell 2 was inadvertently removed for high pressure

on cycle 350!.

Cell 4 had been on open-circuit 5 days prior to cycle

1802. Cell 5 shorted during charge of cycle iSlO due to

over-charges the previous cycle. Cell l failed because

of high pressure on cycle ldue to overcharge.

A malfunction of the pack's control unit allowed the
cells to severely reverse on cycle 1909.

Cells 2, 4 and 5 were overcharged when cell 3 failed.

Cell 1 failed following a 19-day open circuit period.

All the cells were sevelely reversed on cycle 678 be-
cause of a hardware malfunction.
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POST CYCLE TEST PROCEDURE

I. CELL REMOVAL

a. On cycle that cell is to be removed, diconnect cell from pack
at end of charge. Immediately discharge at matrix rate and matrix
temperature to 0.50 volts.

b. Short cell with a O.5-ohm resistor at matrix temperature

for 16 hours. Record pressure decay if greater than 15 psia.

4"

m

c. Remove resistor and charge cell at matrix tL,_nperature and

matrix rate to matrix overcharge. Measure internal in_oedance within 5

minutes after end of charge.

d. Open circuit stand for I0 minutes.

e. Discharge at matrix rate to 0.50 volts. Measure internal
impedance within 5 minutes after the end of discharge.

f. Short cell with a O._-ohm resistor for 16 hours.

g. Remove resistor and charge cell at matrix temperature at
600 m. for 16 hours at 1.60 volts limit. Measure internal im-
pedance within 5 minutes after end of charge.

h. Open circuit stand for 1 hour.

m

i. Discharge at 3.0 amperes to 0.75 volts. Open circuit cell at
the cutoff voltage. Measure internal impedance within 5 minutes after
end of discharge.

j. Short cells with a O.S-ohm resistor.

k. Within 16 hours condition cell for 8 to 72 hours at 20 ±2 ° C.

m

if. CHARGE EFFICIENCY 20 ±2 ° C.

a. Remove resistor and charge at ISO ma. for 20 hours.

b. Open circuit stand for 1 hour.

t

c. Discharge cell at 3.0 amperes to 0.75 volts.

at cutoff voltage.

Open circuit

m

m
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Ill. INTERNAL SHORT TEST

a. Discharge the cell with a 0.5 ±3% resistor for 16 hours.

Measure the decay voltage every hour during the 16 hour period.

b. Remove resistor and measure recovery voltage every 30

minutes until ceil voltage is equal to or greater than 1.15 volts.

Then read once every hour for the remaining time. Total time of
test to be 24 hours.

IV. CAPACITY TEST 20 t2° C.

a. Charge at 600 ma. for 16 hours at 1.60 volts. Set pressure

cuttoff at lO0 psia. Measure internal impedance within 5 minutes after

end of charge.

b. Open circuit stand for one hour. Record pressure decay during

the open circuit stand.

c. Discharge at 3.0 amperes to 0.75 volts. Neasure internal imped-
ance during the first five minutes and within 5 minutes after the end
of discharge. Record pressure decay during discharge at 15 minute
interva I s.

d. Short cell with a 0.5-olm resistor for 16 hours. During this

period, record pressure decay every hour if end of discharge pressure
is greater than 15 psia.

e. Condition cells at O i2 ° C. for 16 hours.

f. Remove resistor and charge cells at 300 ma. for 72 hours at

0 52 ° C. Record voltages and pressures at one hour intervals and

at end of charge. Set pressure cut off at I00 psia.

g. Discharge cells at 3.0 amperes to 0.75 volts.

h. Short cell with O.5-onm resistor for 16 hours.

i. Remove resistor and solder short across cell. Short at
20 ±2 ° C.

V. PERFORM FAILURE ANALYSIS WHEN SPECIFIED.

|
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APPENDIX E

HISTOGRAMS

Each cell is identified in the histogram by the Pack No. and cell

position. The identification is printed as PPNC where PPN is the pack

number such as 58N and C is the cell position in the pack (l to 8).

Leading zeroes in the pack number have been deleted and uncycled cells

appear as "0" in th) histogram. A w_ limited amount of study has

been done on the manufacturers and baseline data of the histogram, but

so far nothing has been found that would distinguish a good cell from a

bad cell. Table E-I lists the 72 data points used in the histogram.
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TABLE E-I

CORRELATI(_. DATA FILE

VAR. VARIABLE TITLE
NO.

I AVEH?
2 AVE02

3 AVEN2
4 CDOH

5 CDOHAH
6 CD

7 CDAH
8 NIOH

NIOHAH
I0 ;il

12

13
14

15
16

17
18
19

20

21
22

23
24

25
26

27
28

29
30

31

32
33

34
35
36

37

39
40

41
42

43
44

45
36

47
48

49
5o

51

52
53

54

55
56
57

58
59

60
61

62
63

64
65

66
67

68
69

70
71

72

PPCAP

RNPCAP
POSPLWT

NECPLWT
POSPLTil

NEGPLTH
TOTALNEG

TOTALPOS
WDIFF

CELL KOH
CELL_CO

CELCONC
CELAR'T

EOCTESTI
EOCTEST2

EOCTEST3
EOCTEST4

EOCTESTS
EOCTEST5
EOCTEST7
EOCPRES1
EOCPRES2
EOCPRES3
EOCPRES4
EOCPRES5
EOCPRES6
EOCPRES7
EODCAP1
EODCAP 2

EODCAP 3
EODCAP 4

EODCAP 5

EODCAP 6
EODCAP 7
TEST8

TEST9

TEST9
EOCTESTI
EOCTEST2

EOCTEST3

EOCTEST4
EOCTEST5

EOCTEST6
EOCPRESI

EOCPRES2
EOCPRES3

EOCPRES4
EOCPRES5

EOCPRES6
EODCAP l

_ODCAP 2
EODCAP 3

EODCAP 4
EODCAP 5

EODCAP 6
EODPRESI

EODPRES2
EODPRES3

EODPRES4
EODPRES5

EODPRES6

GAS SAI4PLINGAVE PERCENT H2
GAS SM._LING AVE PERCENT 02
GAS SAMPLING AVE PERCENT N2

CHEMICAL ANALYSIS-NEGATIVE PLATE CDOH2 (G)
CHEMICAL A_b_LYSISoNEGATIVE PLATE CDOH2 (AH)
CHEMICAL ANALYSIS-NEGATIVE pLATE CD (G)

CHEMICAL ANALYSIS-NEGATIVE PLATE CD (AH)

CHEMICAL ANALYSIS-POSITIVE PLATE NIOH (G)
CHEMICAL ANALYSIS-POSITIVE PLATE NIGH (AH)
CHEIIICAL ANALYSTS-POSITIVE PLATE HETALLIC NICKEL (G)

ELECTROCHEHICAL ANALYSIS POSITIVE PLATE CAPACITY (AH)
ELECTROCItEHICAL ANALYSIS NEGATIVE PLATE PRECHARGE CAPACITY (AH)

PHYSICAL ANALYSIS POSITIVE PLATE WEIGHT AVERAGE (G)
PHYSICAL ANALYSIS NEGATIVE PLATE WEIGHT AVERAGE (G)

PHYSICAL AI_LYSIS POSITIVE PLATE THICKNESS AVERAGE (CM)
PHYSICAL _ALYSIS NEGATIVE PLATE THICKNESS AVERAGE (CH)
CHEMICAL ANALYSIS TOTAL CAPACITY NEGATIVE CELL (AH)

CHEMICAL _LALYSIS TOTAL CAPACITY POSITIVE CELL (AH)
ELECTROLYTE ANALYSIS CORE WET WEIGHT MINUS DRY WEIGHT (G)

ELECTROLYTE ANALYSIS CELL EXTr_CT KOH (G)

ELECTROLYTE ANALYSIS CELL EXTRACT K2C03 (G)
ELECTROLYTE ANALYSIS CELL EXTRACT KOH CONCENTRATIOflPERCENT WEIGHT
ELECTROLYTE ANALYSIS CELL EXTRACT KOH AN)UNT (CC)
MrC_JFACTURERSTESTS NO1EOC VOLTAGE (CH6 C/2 150fIIN 2Z DEGREESC)
HAIIUFACTURERSTESTS
I_INUFACTU_ERS TESTS
MANUFACTURERSTESTS
MA/gJFACTURERSTESTS
NIANUFACTURERSTESTS
MANUFACTURERSTESTS
MANUFACTURERSTESTS
NANUFACTURERSTESTS
MANUFACTURERSTESTS
MANUFACTURERSTESTS
HANUFACTURERSTESTS
HANUFACTURERSTESTS
MANUFACTURERSTESTS
HANUFACTURERSTESTS
r_ANUFACTURERS TESTS

HANUFACTURERS TESTS
MANUFACTURERS TESTS

HANUFACTURERS TESTS

MANUFACTURERS TESTS
MANUFACTURERS TESTS
11ANUFACTURERS TESTS

HANUFACTURERS TESTS
HANUFACTURERS TESTS

BASELINE TESTS NO I

BASELINE TESTS NO 2
BASELINE TESTS NO 3

BASELINE TESTS NO 4
BASELINE TESTS NO 5

BASELINE TESTS NO 6
BASELINE TESTS NO I

BASELINE TESTS NO 2
BASELINE TESTS NO 3

BASELINE TESTS NO 4

BASELINE TESTS NO 5
BASELINE TESTS NO 6
BASELINE TESTS NO I

BASELINE TESTS NO 2
BASELINE TE_ "tO3
BASEL!N_ TES,: NO 4
BASELINE TESTS NO 5

BASELIIE TEL,S NO 6
BASELINE TESTS NO I

BASELINE TESTS I_2
BASELINE TESTS NO 3

BASELINE TEST_ NO 4
BASELINE TESTS llO5

BASELINE TESTS NO 6

NO2 EOC VOLTAGE (CHG C/2 1SOftIN 22 DEGREESC)
NO3 _ VOLTAGE (CHG C/8 12 HR 22 DEGREESC)
1104EOC VOLTAGE (OIG C/10 48 HR 2Z DEGREESC)
/105 EOC VOLTAGE (a,IG C/10 16 FIR 22 DEGREESC)

EOC VOLTAGE (CHG C/10 16 HR 38 DEGREESC)
1107 EOC VOLTAGE (CHG C/20 72 HR O°C DEGREESC)

NO1EOC PRESSURE I_4GC/2 150HI'Z2DEGREES il
NO2 EOC PRESSURE C/2 150ffIN 22 DEGREES
NO3 EOC PRESSURE C/8 12 HE 22 DEGREES
/t04 EOC PRESSURE (CHG C/10 48 HR 22 DEGREES C)
NO$ EOC PRESSURE (CHG C/10 16 HA 22 DEGREESC)
NO6 EOC PRESSURE (CHG C/10 16 HR 38 DEGREESC)
NO7 EOC PRESSURE (CH_ C/20 72 HR O°C OEGREESC)
t_l EOD CAPACITY (DISCH C/2 TO 1.0 VOLTS/CELL AH)
NO2 EOD CAPACITY (DISCH C/2 TO 1.0 VOLTS/CELL AH)
/103 EOD CAPACITY (DISCH C/2 TO 1.0 VOLTS/CELL AH)

NO4 EOD CAPACITY (DISCH C/2 TO l.O VOLTS/CELL AH)
;_5 EOD CAPACITY (DISCH C/? TO l.O VOLTS/CELL AH)

N(}6EOD CAPACITY (DISCH C/2 TO 1.0 VOLTS/CELL AH)
NO7 EOD CAPACITY (DISCH C/? TO I.O VOLTS/CELL AH)

NO8 SHORT TEST (OPEN CIRCUIT VOLTAGE)
/109INTERNAL RESISTANCE (DISCH Cl? FOR I HR)

NO9 INTERNAL RESISTANCE (DISCH C/3.33 FOR 5 MIN)
EOC VOLTAGE (CHG C/20 40 HR 20 DEGREES C)

EOC VOLTAGE (CHG C/lO 16 HR 20 DEGREES C)

EOC VOLTAGE (CHG C140 20 HR 20 DEGREES C)

INTERNAL SHORT TESTS (OPEN CIRCUIT VOLTAGE)
EOC VOLTAGE (CHG C/I0 16 HR r.IATRIXTEMPERATURE)
EOC VOLTAGE (MATRIX TEMPERATURE AND RATE)

EOC PRESSURE (CHG C/20 40 HR 20 DEGREES C)

EOC PRESSURE (CHG C/I0 16 HR 20 DEGREES C)
EOC PRESSURE (CHG C/40 20 HR 20 DEGREES C)
INTERNAL SHORT TESTS

EOC PRESSURE (CHG C/IO 16 HR HATRIX TEMPLRAIURE)

EOC PRESSURE (HATIX TEMPERATURE AND RATE)
EOD CAPACITY (DISCH C/2 TO .75 V/C AT 20 DEG C)

EOD CAPACITY (DISCH C/2 TO .75 V/C AT 20 DEG C)
EOD CAPACITY (DISCH C/2 TO .75 V/C AT 20 DEG C)

INTERNAL SHORT TEST (Data for this test not plotted.
EOD CAPACITY (DISCH C/2 TO .75 V/C F_ATRIX TEI4P)

EOD CAPACITY (DISCH F._TRIX RATE * TEMP TO .50 V/C)
EOD PRESSURE (DISCH C/2 TO .75 V/C AT 20 DEG C)

EOD PRESSURE (DISCH C/2 TO .75 V/C AT 20 DEG C)
EOD PRESSURE (DISCH C/2 TO .75 V/C AT 20 DEG C)

INTERNAL SHORT TEST (Data for this test not plotted.
EOD PRESSURE (DISCH C/2 TO .75 V/C :._TRI×TEHP)

EOD PRESSURE (DISCH r_TRIX HEAT * TENP TO .50 V/C)
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